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Ruffs are common migratory shorebirds with a wide distribution across ephemeral
inland wetland habitats of Africa and Eurasia. Their lek mating behaviour is well
studied, but what ruffs accomplish outside the breeding season is far less known. This
thesis presents research on migration performance, adaptive distributional changes
and comparative population genetics of ruffs. 
Historically, ruffs are panmictic, a common feature in postglacial northern hemi-
sphere species. Neutral genetic markers showed that ruffs survived the Last Glacial
Maximum in one refugium, and the 21,000 years past since then were insufficient to
evolve genetically distinct populations. That breeding destination is correlated with
timing of migration and wing length, traits under selection in long-distance migrants,
indicates that phenotypic structuring is probably evolving in modern ruffs. As
expected for an inland shorebird with a large population size, ruffs had high genetic
variation in the mitochondrial genome. In contrast, genetic variation in the nuclear
genome was strongly reduced; this confirms a theoretical model predicting that
lekking behaviour leads to a skew in life-time reproductive success of males. Awider
comparison of nuclear genetic variation within shorebirds showed that inland species
wintering on the northern hemisphere had relatively lower genetic variation than
coastal species, wintering in the tropics. This contrast can be an attribute of occasional
large die-off in harsh northern winters. Hence, we rejected the habitat dichotomy hypo-
thesis, stating inland shorebirds generally have higher genetic variation than coastal
species.   
En route from Africa to the European and Russian Arctic, ruffs migrate through
Europe. Traditionally important areas with >10,000 staging ruffs are The Netherlands,
Belarus and further eastwards, Ukraine. Between 2001 and 2010 the Dutch migrants
declined from over 20,000 to below 5,000, and local fueling and moulting rates
decreased. Individually marked Dutch migrants shifted to alternative migration
routes at least as far east as Belarus, where local migration performance (fueling,
moult) was stable. Numbers passing through Belarus increased from 2,000-6,000 in
2001 to over 15,000 in 2010. This shift of migrants between migration routes 1,500 km
apart, within the generation time of a species, contradicts the current consensus on
genetic constraints on migration routes in species where the first migration of juve-
niles is steered by an inherited program instead by the parents. The database of the
International Breeding Conditions Survey on Arctic Birds revealed that the distribution of
breeding birds shifted eastward in the same time period. As this shift could not be
attributed to temperature changes on the Arctic breeding grounds, redistribution is
assumed to be an effect of the habitat change at the western staging site in The
Netherlands which we attribute to land-use changes in the agricultural landscape of
Fryslân.
English summaryDe ûngrypbere hoants: populaasjeferoaringen fan destiids en no
Hoantsen binne algemiene steltrinners fan ynlânske wiete gebieten yn Afrika en
Eurazië. Se steane bekend om harren oermjittich baltsgedrach. Dit proefskrift
beskriuwt hoe’t it mei harren giet bûten it briedseizoen. Op harren flecht fan Afrika
nei de Arktyske briedgebieten pleisterje hoantsen yn Europa. Wichtige pleisterplakken
binne Fryslân, it oerstreamingsgebiet fan de Pripyat rivier yn Wyt-Ruslân en noch wat
fierder nei it easten, de Sivash, op Krim yn Oekraïne.
Wy ûntdutsen dat hoantsen op trochreis út Fryslân ferdwine. Tusken 2001-2010
kelderen de oantallen van 20.000 naar minder as 5.000 en it fet fretten en it ferfearjen
ferrûn hieltyd minder goed. Yndividuen dy’t sûnt 2004 merkt wiene mei unike kleur-
ringkombinaasjes waarden hieltiten mear eastlik weromsjoen oant yn Wyt-Ruslân,
wêr’t de oantallen oanwûnen fan likernôch 4000 oant om’e 30.000 hinne. Dat hoantsen
binne by steat om binnen in generaasje migraasjerûtes te ferlizzen, in nij ynsjoch dat
de hjoeddeistige konsensus dat migraasjerûtes genetysk fêst lein binne, tsjinsprekt. De
hastige feroarings binne konsistint mei it ûntbrekken fan genetyske populaasje struk-
tuer by hoantsen fan Fryslân oant de Bering Straat.
De ûntjowingen fan de populaasje yn it briedgebiet, fêstlein yn de Russyske database
International Breeding Conditions Survey on Arctic Birds lieten sjen dat de fersprieding
fan briedfûgels yn deselde jierren ferskode fan Europa nei West Siberië. Analyze fan
temperatuergegevens sleat út dat dizze ferskowing in gefolch is fan opwaarming fan
briedgebieten. Om’t de hoantsen dy’t mear eastlik trekke ek yn eastliker briedgebieten
einigje (ienfâldichwei troch de koartste rûte te folgjen ) konkludearje wy dat de
werferdieling fan briedfûgels in gefolch is fan it ferdwinen fan trochtrekkers út
Fryslân. De swierrichheden met it ferfearjen en it fet fretten yn Fryslân, mar nét yn
Pripyat, wize der op dat it hjoeddeistige oanbod fan iten yn de Fryske greiden net
foldwaande is, wierskynlik as gefolch fan de trochgeande agraryske yntensifearing.
Sa as sein ûntdutsen wy mei DNAûndersyk dat hoantsen genetysk homogeen binne.
Dat betsjut dat de Nederlânske briedpopulaasje dy’t ferlern gien is net unyk wie. Dat
de hoantsen dy’t noch altyd troch Fryslân trekke, ha wierskynlik gjin genen dy’t
harren fertelle dat se hjir net briede kinne om’t harren foarâlden dat ek net diene. Alle
foarâlden wiene krekt ien grutte famylje en wierskynlik is der noch altyd in soad
útwikseling fan genen tusken briedgebieten. Ringûndersyk liet sjen dat de briedgebi-
eten dêr’t hoantsen hinne fleane fanút Fryslân,gearhinget mei wannear’t se yn de
maitiid yn Fryslân komme. Betide fûgels, fan maart oant begjin april, geane nei west-
like briedgebieten en de lette fûgels nei it easten oant Taymir ta! De betide fûgels 
10
Koarte gearfettingbinne ek grutter as de lette fûgels. It gearhingjen fan dizze ferskillen yn grutte, trekge-
drach en briedgebiet toant oan dat hoantsen, hoewol’t se genetysk net ferskille, wat
uterlik en gedrach oangiet wol ferskille. Dit betsjut dat wy de evolúsje fan populaasje
waarnimme. Dizze populaasjes binne noch te jong om genetysk te ferskillen en as
hoantsen sa maklik fan briedgebieten wikselje, kin it wêze dat genetyske sortearring
net ta stân komme kin. Koartsein, mei it ferdwinen fan de Nederlânske hoants is der
net in spesjale soarte fan hoants ferdwûn. Yn prinsipe soene wy de Fryske
trochtrekkers ferliede moatte kinne om te bliuwen en te brieden.
Tank oan Fons Baarsma, Jappie Boersma, Hette Couperus, Cees Dekker, Piet Feenstra,
Douwe de Jager, Bauke de Jong, Joop Jukema, Bauke Kuipers, Willem Louwsma,
Catharinus Monkel, Albert A. Mulder, Albert H. Mulder, Doede A. Mulder, Doede H.
Mulder, Eeltje A. Mulder, Rein H. Mulder, Jaap Strikwerda, Piet Vlas, Sierd Visser,
Bram van der Veen, Douwe van der Zee & Rinkje van der Zee foar it fangen fan de
hoantsen
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General introduction
The ephemeral shorebird:
population history of ruffsThe study on ruffs Philomachus pugnax presented in this thesis is part of what we hope
will be a long-term demographic study of a migratory shorebird under the auspices of
the University of Groningen in The Netherlands and the Royal Ontario Museum in
Canada, and in the context of the Global Flyway Network. The ruff is a model for an
inland species within a larger framework of studies aimed at understanding how life-
history characteristics, especially habitat choice, shape species histories and vice versa
(Piersma 2003, 2007). This thesis describes seasonal migration and changes in range
occupation of ruffs, and presents a comparative analysis of the population genetics of
ruffs and related shorebird species. We address two hypotheses postulated about
shorebird evolution. Firstly, we test whether flexible routing might better explain
migration in shorebirds than the hypothesis of evolutionary constraints on shorebird
migration routes proposed by Sutherland (1998) (inflexible migration hypothesis).
Secondly, we test whether genetic variation in ruffs and other inland, freshwater-
adapted shorebirds is higher than in marine, coastal shorebirds (habitat dichotomy
hypothesis, Piersma 2003).
Comparative population genetics
Life-history characteristics affect the demographic processes characterizing a species,
and in the long term this will be reflected in genetic structure (Avise 1996). The wider
the habitat choice, and the greater the explorative behaviour, the more a species will
expand its range, leading to genetic homogeneity. Conversely, habitat specialization
and philopatry confine species to smaller ranges and can lead to distinct population
structuring (Kraaijeveld 2008). Specialist species are vulnerable to environmental fluc-
tuations, which can lead to greater variation in population size. Species susceptible to
population fluctuations will have low genetic variation, as they are subject to genetic
erosion through enhanced genetic drift (Lynch 1996; Avise 2004). If then population
subdivision (low gene flow) occurs long term effective population size will be reduced
even further (Avise 2004). 
As differences in genetic variation between species reflect differences in life-history
traits, we can assess the relative effect of a life-history trait on the genetic make-up by
comparative studies of closely related species that share many traits except the trait of
interest. This will help us gain insight into the ecological mechanisms shaping genetic
variation, and understand how populations and species take form and persist through
time (Avise 2000). 
Our studies are part of a large framework of studies to investigate the feedback
mechanism between habitat specialization and genetic make-up. In various habitats,
species are subject to different levels of genetic constraints and subsequently the
genetic constraints will affect the viability of species in their habitats (Piersma 1997,
2003, 2007; Piersma & Lindström 2004). The central hypothesis to be addressed in this
thesis is the habitat dichotomy hypothesis. This hypothesis predicts a dichotomy in
population genetics of shorebirds related to habitat specialization to either marine or
14 Chapter 1freshwater habitats (Piersma 1997, 2003). On the time-scale of glacial and interglacial
periods, marine (coastal) shorebird species will experience more population fluctua-
tions as their habitats are scarcer than freshwater (inland) species. Hence, coastal
species will have lower genetic variation in both neutral and coding DNAthan inland
sister species (Buehler & Piersma 2008). Low genetic variation in genes coding for
immunity would confine coastal species to relatively disease-vector free habitats such
as the High Arctic tundra and marine environments (Piersma 1997, 2007). Freshwater
species use more widely available inland habitats and hence are less susceptible to
long-term population fluctuations and will therefore retain higher genetic variation
and higher immuno-competence.
The ruff is an iconic representative of the inland shorebird species group, famous
for its lekking system and through its large population size (see below). As such it is
an ideal ecological contrast to a well studied coastal shorebird, the red knot Calidris
canutus (Piersma 1994; Baker et al. 2004; Buehler & Baker 2005; Buehler et al. 2006;
Buehler 2009). The considerable knowledge base generated by intensive long-term
studies of the red knot need to be duplicated in inland species such as the ruff to
enrich comparative studies, and increase their value in testing hypotheses of the
evolution of life-history traits (see Chapter 10).
Migration ecology: genes map migratory routes?
The current consensus is that migratory behaviour is genetically controlled and
changes in routes can only occur within few generations through micro-evolutionary
15
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nprocesses (Berthold et al. 1992; Pulido 2007; Bruderer & Salewski 2008); this makes the
view on evolution of migration routes rather deterministic (Sutherland 1998; Böhning-
Gaese et al. 1998; Alerstam et al. 2003; Pulido 2007). In a review of documented cases of
adaptive change of migration routes, Sutherland (1998) suggested that species with
cultural inheritance (i.e. where young accompany their parents during their first
migration) would be more plastic than species where young migrate independently
from their parents. Indeed, to date the only examples of geographical shifts in migra-
tory routes within generations are reported for larger species with extended parental
care (Pulido 2007; Bauer et al. 2008). Migrant shorebirds provide a typical example of
birds where juveniles travel independently of their parents or other adult birds during
their first southward migration. According to Sutherland (1998) this would lead to
evolutionary constraints on their migratory flexibility. In fact, there is currently no
properly published information on the extent of individual plasticity in migration
routes in shorebirds. In this thesis Sutherland’s inflexible migration hypothesis is
tested by accessing flexibility both at the individual and population level.
The study species: ruffs 
Ruffs are notable in more than one way. They have long attracted the attention of both
naturalists and the general public because of their mating behaviour, plumages and
facial ornaments, and strong sexual dimorphism (Hogan-Warburg 1966; van Rhijn
1991; Widemo 1997; Widemo & Saether 1999; Lank & Dale 2001). The ruff is one of the
four shorebirds with a lek breeding system, and the only shorebird with a full lekking
system; buff-breasted sandpipers Tryngites subruficollis, great snipes Gallinago media
and pectoral sandpipers Calidris melanotos have ‘exploded leks’ where matings regu-
larly occur outside the lekking arena (Lanctot & Weatherhead 1997). 
In ruffs, two ornamented male types occur, the colourful, independent male and
the mostly white, subdominant satellite male (Hogan-Warburg 1966; van Rhijn 1991).
Arare smaller male type is the faeder, a female mimic (Jukema & Piersma 2006). This
system of three male types is unique in birds; the two large male types represent
distinct genotypes (Lank et al. 1995), and the faeder probably represents another
(Jukema & Piersma 2006, D.B. Lank, pers. comm.). Although the reproductive behav-
iour of ruffs is well studied (Hogan-Warburg 1966; van Rhijn 1991; Widemo & Owens
1995; Lank et al. 1995; Jukema & Piersma 2006), the rest of the annual cycle is poorly
known, but see van Rhijn (1991).
Ruffs are a common and abundant migratory bird species, with a breeding range
covering Eurasia (Delany et al. 2009)(Fig. 1.1), but they also appear as regular vagrants
in North and South America (R.E. Gill Jr., N. Senner, pers. comm.). Despite their rela-
tive abundance, ruffs are notoriously difficult to study because of the inaccessibility of
their remote breeding and wintering habitats. Basic information on distribution, popu-
lation size, population structuring, migration routes, adult survival and sex ratios are
therefore difficult to obtain, and population estimates of ruffs have particularly large
16 Chapter 117
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Figure 1.1. Ruffs Philomachus pugnax are shorebirds using inland freshwater habitats year-round.
The distribution of ruffs spans the Eurasian continent with recording of vagrant into Australasia and
North America (Piersma et al. 1996). The majority of the population, 95%, breeds in the Arctic tundras
(light grey). Most ruffs winter in Africa. Europe and India have minor wintering populations of
thousands of ruffs (dark grey). Estimates of the global population size range from 1,5–2 million indi-
viduals, but might be as high as 4 million (Zwarts et al. 2009; Delany et al. 2009). Ruffs have lek
mating system with three males types, the colourful independent males, the white satellite males and
the faeders, who so closely resemble females that they are indistinguishable in the field (Hogan-
Warburg 1966; van Rhijn 1991; Jukema & Piersma 2006).confidence intervals. The current estimates for the wintering population are 1,000,000-
1,500,000 in West Africa and >1,000,000 in South Asia, Eastern and Southern Africa
(Delany et al. 2009). The global population was estimated to be as large as 2,300,000-
2,800,000 (Zöckler 2002); recent estimates for Fenno-Scandinavia and Russia account-
ed for ca. 1 million breeding females (Thorup 2006; BirdLife International 2008). 
Although most ruffs winter in Africa (Delany et al. 2009), some males remain in
Europe in winter (Castelijns 1994); and there are smaller wintering locations in India
(McClure 1974). The only wintering area for which long-term population data is avail-
able are the wetlands of the Sahel, in West Africa (due to effort of many international
teams (Trolliet & Girard 1991; Trolliet et al. 1992; Ezealor & Giles, Jr. 1997; Treca 1997;
Triplet & Yésou 1998; Trolliet & Girard 2001)). Currently the Inner Niger Delta, Chad
Basin and Senegal Delta host up to 500,000 ruffs in winter, and population sizes are
stable but ‘a far cry’ (Zwarts et al. 2009) from the few million present in the 1960s and
1970s, before the great draughts. In 2009, a comprehensive study of ruffs appeared in a
volume on the ecology of the Sahel (‘Living on the Edge: Wetlands and Birds in Changing
Sahel’, Zwarts et al. 2009). Living of the Edge represented the first analysis of wintering
conditions, migratory routes, adult sex ratio and population status of ruffs. With this
thesis I aim to add to this body of knowledge.
Good quantitative census data of the breeding population are unavailable, as ruffs
breed mainly in the extensive Eurasian Arctic tundras (Zöckler 2002), and studies on
breeding biology have almost all been carried out in the more marginal temperate
breeding locations (Thorup 2006). When migrating between Africa and Arctic tundras,
ruffs use poorly monitored migration routes (Wymenga 1999). Pioneering work by the
Ornithologische Arbeitsgemeinschaft Münster (OAG Münster 1996) established that ruffs
18 Chapter 1
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Figure 1.2. The development of the breeding population in The Netherlands. In the early 20th century,
ruffs were the most common breeding birds in the Dutch meadows. With the development of modern
agriculture and in general water tables were lowered and wet grasslands disappeared. With this
developments, ruffs declined fast. In 1950 The Netherlands had 6000 breeding females left, in 1980
there were 800–1100 breeding females, by 2002 only 120. The species is virtually extinct as a breeding
bird in The Netherlands (Network Ecological Monitoring (SOVON, CBS).from West Africa fly via Western
Europe during northward migration
This thesis is largely based on
sampling migrant ruffs en route from
West Africa to the breeding grounds.
Our main focus was the largest Western
European staging site in the province of
Fryslân, The Netherlands. Our field-
work was a joint effort of researchers
and traditional wilsternetters (Jukema
et al. 2001a). Until recently The
Netherlands was a breeding area of
ruffs (Hogan-Warburg 1966; van Rhijn
1991; Wymenga 1999; Jukema et al.
2001a; Verkuil & de Goeij 2003) (Fig.
1.2), but now they are close to extinc-
tion as a breeding bird (Bijlsma et al.
2001; van Dijk et al. 2010). However,
during northward migration, thousands of ruffs still pass through Fryslân between
mid March and early May (Wymenga 2000; Jukema et al. 2001a). During this time the
males moult into their breeding plumage (Jukema & Piersma 2000); they grow
conspicuous long, colourful ruffs and tufts, and develop a facial mask of bright-
coloured warts. The females arrive later and are far less abundant (Jukema et al. 2001a;
Verkuil & de Goeij 2003). Since 2001 migrating ruffs were caught by wilsternetters and
individually marked and followed during their staging period in Fryslân by teams
from the University of Groningen. The considerable and long-term efforts by the
wilsternetters and the collaboration they seek with the researchers from the University
of Groningen is inspired by the wish to understand population patterns, site fidelity
and migratory destinations of the birds they catch. 
Overview of main results
A. Population genetics of ruffs
(i) Genetic variation
The large phenotypic variability in ruffs has since long raised the question whether
ruffs are also genetically polymorphic (Lank & Dale 2001; Dale et al. 2001). Very early
it was discovered that ruffs have high genetic variation in isozymes, but that this vari-
ation did not correlate with plumage variation (Segre et al. 1970). We demonstrated
that neutral genetic variation in the mitochondrial genome (maternally inherited) was
indeed high compared to other sandpipers, e.g. red knots, but that genetic variation in
nuclear microsatellites (biparentally inherited) was relatively low (Chapter 4 &10).
The lower genetic variation in biparental genetic markers than in maternal markers
19
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empirical confirmed. In ruffs, low genetic variation in the biparental genome is an
effect of the lekking behaviour of males, which produces a skew in lifetime reproduc-
tive success (LRS) of males (as not all males mate equally successfully), but not of
females. This skew in LRS explains the strong sexual selection on male ruffs. Askew
in LRS in males might be related to a skew in the primary sex ratio and subsequently
in the adult sex ratio. Recent studies have confirmed that indeed in ruffs sex ratios are
skewed towards females (Thuman et al. 2003; Zwarts et al. 2009; Jaatinen et al. 2010).
(ii) Population structure
Ruffs are considered to be morphologically uniform across their range (Delany et al.
2009), but populations may be structured genetically due to the supposedly high site-
fidelity of lekking males (Widemo 1997). Alternatively, the dependence of ruffs on
ephemeral habitats may have selected for strong dispersal behaviour. This thesis pres-
ents a study on genetic and phenotypic population structuring in ruffs (Chapter 3). No
significant genetic population structure could be detected in either the nuclear and the
mitochondrial genome. However, phenotypic population structure was detected.
Shorter-winged ruffs using Fryslân as a staging site during northward migration have
different migratory schedules and breed further eastwards than longer-winged ruffs.
In stonechats, wing morphology varied with migration distance and was shown to be
a heritable trait (Baldwin et al. 2010). If in ruffs a similar adaptation would explain the
observed structuring in wing length and migration distance, then phenotypic popula-
tion differentiation is evolving.
B. Migration ecology of ruffs
(i) Faeder migration
In ruffs, the morphologically distinct sexes have differential wintering grounds and
migration routes (Gill et al. 1995; Wymenga 1999). This thesis determined how, the
third kind of male, the faeders fit into this pattern. During winter and migration
periods faeders associated with the larger males (Chapter 5). Because faeders spend
the non-breeding season in areas used by the larger males and migrate with males to
arrive early at the breeding grounds, they might use sub-optimal habitats for their
body size and might trade off annual survival for increased reproductive opportuni-
ties.
(ii) Shift in migration route
This thesis reports a strong decline (6% per year) of ruffs in passing through The
Netherlands during spring migration between 2001-2010. We documented a shift of
the Dutch migrants to staging sites farther east in Europe, as far east as Belarus
(Chapter 7). Parallel studies of ruffs at the Dutch and Belarussian staging sites showed
complementary changes in (1) population size, (2) spring phenology, (3) fueling rates,
and we observed (4) an eastward shift of resightings of individual marked ruffs. We
concluded that individual ruffs were able to change migration routes to avoid the
20 Chapter 1deteriorating staging condition (decreasing fueling rates and growth of ornamental
plumage) in The Netherlands. To our knowledge this is the first indication for a
change of migration routes within a single generation in a species where juveniles do
not migrate with their parents.
(iii) Carry-over effects from the wintering grounds
Winter flooding conditions in West Africa can have carry-over effects into the staging
areas and breeding grounds (Zwarts et al. 2009). We confirm that indeed after dry
winters in Africa, ruffs have greater rates of body mass gains at spring staging
grounds in both Western (The Netherlands) and Eastern Europe (Belarus). Such carry-
over effects on staging performance of wintering conditions occurred in a correlated
fashion in The Netherlands and Belarus (Chapter 7). This is consistent with the idea
that the staging populations use the same wintering grounds.
(iv) Differential wintering grounds
Ruffs show differential migration to wintering locations at a variety of latitudes, with
a segment of the males not going further south than Northwest Europe and other
males wintering in West Africa (Castelijns 1994; Gill et al. 1995). Are these supposedly
different wintering populations genetically distinct? In Chapter 3 we showed that they
are not, but demonstrated the presence of phenotypic differences between females
wintering in Mali and the average female migrating through The Netherlands. The
correlation between wing length, timing of migration and breeding grounds
suggested an evolving population structuring, which might extend to differential
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C. Status of the global population
The status of the global population of ruffs is unknown as quantitative data are hard
to obtain (Delany et al. 2009). To assess the total Arctic breeding population, we
exploited an extensive qualitative data source for the Arctic: the International Breeding
Conditions Survey on Arctic Birds (Soloviev & Tomkovich 2009) and local weather data
for the Arctic. We showed that in the last two decades the breeding populations are
declining in the European Arctic at a rate of 2–3% per year and increasing in the
Western Siberian Arctic at 3–7% per year (Chapter 8). No difference in climate change
patterns could be detected across the breeding range. This suggests that the eastward
shift of northward migrating ruffs (Chapter 7) induced an eastward shift of the
breeding grounds, now leading to growing numbers in Western Siberia.
D. Ruffs in The Netherlands
The size of the passage population declined from almost 20,000 birds in 2001 to ca.
5,000 in 2010 (Chapter 7). To adjust the census counts for turnover rates, we estimated
individual staging duration, using the day-to-day residence probabilities of colour-
marked individuals. The total passage population was only marginally larger than the
peak counts (Chapter 7). An average colour-ringed male ruff on migration in Fryslân
stayed for about three weeks (Chapter 6), but the average staging duration declined
from 23 days in 2005 to 19 days in 2008. These shorter stays coincided with declines in
refueling rates and ornamental feather growth (Chapter 7). The breeding origins of the
22 Chapter 1Frisian migrants still remain unknown. The lack of genetic population structure
prevents the use of genetic markers to assign ruffs migrating through The Nether-
lands to breeding areas. However, the variation in wing size and timing of migration
of the Dutch migrants and the resightings of colour-marked individuals showed that
the passage population involves both western and eastern breeding grounds (Fig. 3.1,
Chapter 3). 
On a personal note
In 2004, when I started my studies on ruffs, 970 bird taxa were Red-listed by the IUCN
(IUCN Species Survival Commission 2004), representing about 10% of extant species.
Now, in 2009, 1,227 species appear on the Red List, which is 12.4 % of all extant bird
species (IUCN 2009). Conservation concerns were not the primary motivation for
studying ruffs, but this thesis unexpectedly raised serious concerns about the
European breeding ruffs. The Dutch breeding population has almost gone extinct
within my lifetime (Fig. 1.2) (Bijlsma et al. 2001; Hagemeijer & Blair 2009). In 2006 only
16, and in 2007 only seven breeding females were reported as breeding in The
Netherlands (van Dijk et al. 2010). Breeding females depend on wet grasslands, and
are vulnerable to agriculturally driven changes in grassland management, which has
resulted in large declines in the temperate breeding areas of throughout Northwest
Europe (Zöckler & Lysenko 2003; Thorup 2006). As the ruff is considered one of the
most abundant shorebirds species (Piersma et al. 1996) with a population size that
supposedly exceeds 2.5 million birds (Delany et al. 2009), this local extinction was
expected to be irrelevant. However, migrants are equally sensitive to the drainage of
wet grassland areas as the breeding females. This thesis shows that the deterioration
of habitats in The Netherlands, the most important staging site in Northwest Europe,
coincided with declining numbers in ruffs in the breeding areas of the European Arctic
which could not be attributed to global warming. The ruff is disappearing from
Northwest Europe altogether; it is rapidly becoming an Asian species.
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Yvonne I. Verkuil, Theunis Piersma & Allan J. Baker 
Although the mitochondrial genome in birds has highly conserved features, with protein
genes similar to mammals and amphibians, several variations in gene order around the
hypervariable control region have been found. Here we report a novel gene arrangement
around the control region in shorebirds (Charadriiformes). In ruffs Philomachus pugnax,
the mitochondrial genome between cytochrome b and 12SrRNAwas over 1.5 kb longer
than reported for other Charadriiformes and contained a duplication of the control
region together with NADH dehydrogenase subunit 6 (ND6) and the adjacent transfer
RNAs: tRNAPro and tRNAGlu. In birds this gene order has independently been found in
Thalassarche albatrosses and spoonbills (Plateinae).Introduction
Two hundred and fifty million years ago, sometime after the bird-crocodile split but
before the radiation of modern birds, a novel gene rearrangement near the control
region (CR) evolved in the avian mitochondrial genome (Desjardins & Morais 1991;
Desjardins & Morais 1990; Quinn & Mindell 1996). Since then gene duplications and
rearrangements have arisen independently several times among birds (Gibb et al.
2007; Haring et al. 1999; Mindell et al. 1998; Singh et al. 2008). They occur more often
around the CR, a site for initiation and termination of DNAreplication, than else-
where in the mitochondrial genome (Fujita et al. 2007). The duplication of the CR often
involves changes in the gene order and duplications of the protein-coding NADH
dehydrogenase subunit 6 (ND6) and the flanking transfer RNAs (Fig. 2.1; Pereira
(2000)). 
Sequence variation in the highly polymorphic CR and variations in gene order
have both been applied as markers in phylogeographic and population genetic studies
(Avise, 2000, Bensch & Harlid 2000, Gibb et al. 2007, Mindell et al. 1998, Singh et al.
2008). However, gene duplications and re-arrangements complicate the usage of the
CR as a marker because the observed sequence variation in the CR can be either paral-
ogous (intra-individual between CR copies) or orthologous (inter-individual).
Duplicates are often degenerate but also can have high sequence similarity, as CR
copies may be kept similar by concerted evolution, which may act a repair mechanism
to avoid transcription error (Tatarenkov & Avise 2007).
This paper reports on gene duplications and sequence similarity in the mitochon-
drial (mtDNA) of a basal Charadriiformes species (Baker et al. 2007): the ruff
(Philomachus pugnax, Scolopacidae). Ruffs are an interesting case for studies of the rela-
28 Chapter 2
C
B
A
Alternative gene order 3
cyt B Thr Pro1 ND61 Glu1 CR1 Thr2 Pro2 ND62 Glu2 CR2 Phe 12S
D
Alternative gene order 2
cyt B Thr ND6 Glu CR1 Pro CR2 Phe 12S
Alternative gene order 1
cyt B Thr
Common gene order in Aves
cyt B Thr Pro
ND6 Glu CR Pro Phe 12S
ND6 Glu CR Phe 12S
Figure 2.1. Gene arrangements around the control region (CR) in birds: (A) gene order reported as
common in Aves (Desjardins and Morais, 1990); (B) first alternative gene order found in Aves
(Mindell et al. 1998, Bensch and Härlid, 2000); (C) gene order in parrots (Eberhard et al. 2001), and (D)
gene order in albatrosses (Abbott et al. 2005). Ψ; locus is degenerate. tionship between phenotypic and genotypic variation in populations as they appear
genetically variable (Segre et al. 1970) though geographically unstructured (Chapter 3).
Morphometric variation, however, indicates segregating selective pressures in areas
within its vast migratory and breeding range (Chapter 3). Sequence variation in the
hypervariable CR has been shown to be informative in determining genetic popula-
tion structure in shorebirds (Buehler et al. 2006, Buehler & Baker 2005, Wenink et al.
1993, Wenink et al. 1994). In ruffs, however, sequences of the CR obtained with primers
designed in the conserved regions of the CR and ND6, indicated multiple copies. This
hinted at rearrangements in the gene order around the CR, although other potential
sources of duplicates are the amplification of nuclear mitochondrial pseudogenes
(numts) along with the target mtDNAsequence or heteroplasmy, i.e. the coexistence of
multiple copies of mtDNAmolecules within individuals. 
We discuss two alternative explanations for the high similarity of the two CRs in
ruffs: (1) recent duplication of the CR with enough time for fixation but not enough to
accumulate mutations, or (2) concerted evolution (Tatarenkov & Avise, 2007).
Methods and material
Blood samples of ruffs (Philomachus pugnax) were collected on spring staging sites in
The Netherlands (by J.C,E.W, Hooijmeijer and authors), Belarus (by N. Karlionova
and P. Pinchuk) and in breeding areas in Sweden (by K.A. Thuman), Finland (by D.B.
Lank) and Siberia, Russia (by M. Soloviev, P.S. Tomkovich et al.). Samples were stored
in 98% ethanol at -80°C. All except the Swedish samples are curated in the collections
of the Royal Ontario Museum, Toronto, ON, Canada, and the University of Groningen
Shorebird LifeLines blood bank, The Netherlands. 
DNAwas isolated with DNeasy Blood and Tissue Kit (Qiagen) or by standard
phenol–chloroform extractions and stored at –20°C. To screen for genetic variation
throughout the migratory and breeding range of ruffs, the 5’ end of the CR was ampli-
fied using shorebird primers anchored in ND6 and the conserved blocks in the CR:
ND6L3 & H451/H772 (Wenink et al. (1994), see Table 1). However, the sequences
obtained varied in size which indicated multiple copies of the CR. Therefore, to
explore the gene order around the CR and to exclude the possibility of amplifying
nuclear copies, long template (LT) PCR was used to obtain amplicons that spanned
the region between cytochrome b and the 12 S ribosomal RNAgenes (12S), using
Expand Long Template PCR (Roche, Basel, Switzerland). The primers used were b86
with H1827 for ruff 1479281 (caught on 20 December 2004 in The Netherlands), b3
with 16ScR for ruff 1481191 (caught on 4 March 2005 in The Netherlands, and
resighted in Russia on 15 May 2005, Surgut, Khanty/Mansi, 60°10’ N 74°00’ E),
and b71 with H1390 for both individuals (Table 2.1). The LT PCR profile was 2 min
denaturation at 94°C, followed by 10 cycles of 92°C for 30 s, 63°C for 30 s and 68°C for
12 min and 25 cycles of 92°C for 30 s, 63°C for 30 s and 68°C for 12 min+ 20 s cycle
elongation for each successive cycle. Final elongation at 68°C was for 7 min. 
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spinning through filter tips and stored at -20°C. To sequence across the region, nested
amplifications using the LT amplicon as template were performed with primers
anchored in cytochrome b, 12SrRNA, tRNAPro and ND6 (see Table 2.1 and Fig. 2.2 for
primer sequence and location). To separate the 5’-ends of the CRs, PCR products were
amplified off the LT with internal primers ND6L3 and H402, and cloned into pCR®2.1
following the manufacturer's instructions (Invitrogen). Positive clones were sequenced
with M13 primers. For comparison, additional PCR products using genomic templates
were obtained for two individuals, 1463006 (caught on 17-03-2004 in The Netherlands)
and SIB-258 (nestling DNAcollected on 17 July 2004 on Taymir Peninsula Siberia,
74°09' N, 99°34' E).
Asegment of CR1 that can only be obtained when the alternative gene arrange-
ment was present was amplified in 68 ruffs, using the forward CR primer L141 and
the reverse primer PropR anchored in tRNAPro (Table 2.1). Individuals were sampled
in Sweden (n=20), Finland (n=10), Russian Arctic (Taymir Peninsula or further east,
n=16) and Norway (n=2), or were migrating through Belarus (n=9) or The Nether-
lands (n=11).
The amplification profile used for all short-range PCRs was 2 min denaturation at
95°C, followed by 36 cycles of 94°C for 45 s, 53-57°C for 45 s, 72°C for 1.3 min,
followed by a final 7 min elongation at 72°C. PCR products were gel-purified and
sequenced. PCR products were prepared for sequencing using BigDye Terminal Cycle
Sequencing reagents according to the manufacturer’s instructions (Applied
Biosystems, Foster City, USA), and were sequenced on an ABI 3100 automated
sequencer. 
Sequences were edited and aligned in Chromas Pro 1.33. To manually edit
sequences and alignments, MEGA3.1 (Kumar et al. 2004) was used. Sequences were
aligned to homologous sequences of closely related shorebirds, red knot (Calidris
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cyt B Thr Pro1 ND61 Glu1 CR1 Pro2 ND62 Glu2 CR2 Phe 12S
b5
cytbend
ND6L3
ND6L3
H716
L402
L438
PropF
PropR
ND6HR
H402 H402
H451
ND6L3
ND6p6R
ND6p2R
L141
H451
H1537
Figure 2.2. Overview of the gene order between cytochrome b and the 12SrRNAgene in ruffs
Philomachus pugnax. Amplified fragments (and their relative sizes) used to make the alignment and
the primers used in amplifications are given (see also Table 2.1). Black segments are from nested
amplifications off long templates; grey segments indicate sequence from genomic DNA. Dashed parts
of PCR products could not be sequenced. Ψ; degenerate sequence block of 88 nt. canutus, GenBank AY198171; Buehler & Baker (2003), EF373071, EF373123; Baker et al.
(2007)), and ruddy turnstone (Arenaria interpres, GenBank NC_003712; Paton et al.
2002). To control for possible nuclear copies, sequences obtained from genomic DNA
were only used when they could be fully aligned with long template sequences.
Secondary tRNAstructure was simulated in tRNAscan-SE (Lowe & Eddy 1997). For
notation of gene copies see Fig. 2.1.
Results
The complete long template (LT) PCR product between the 3’ end of cytochrome b and
the 5’ end of 12S rRNAwas obtained for two individuals. Based on the published
mitochondrial gene order and CR size in shorebirds closely related to ruffs (Buehler &
Baker 2003, Paton et al. 2002), the expected size of the LT PCR product (ranging from
cytochrome b into 12SrRNAgene) was ~3.2 kb. The LT fragment obtained in both indi-
viduals was 4.5 kb (primer combination b71 and H1390), and was confirmed with two
different primer combinations (Table 2.1). Clones of products amplified off the LT with
internal primers ND6L3 and H402 yielded two different CR sequences in each indi-
vidual (Fig. 2.3). The assembly of sequences from nested amplifications off the LT
(using primers anchored in cytochrome b, 12SrRNA, tRNAPro and ND6) showed that
ruffs have duplicates of the CR and adjacent genes ND6, tRNAPro, and tRNAGlu (Fig.
2.4, GenBank GQ255993). All sequences were in proper alignment with sequences of
ruddy turnstones and red knots, and had a very similar base composition and the
same general molecular organization in three CR domains as other birds (Pereira et al.
2004).
Amplification of Domain I of the CR with primers ND6L3 and H451 off genomic
DNA(of ruff #1463006) yielded PCR products of two different sizes: one band of the
expected size of about 1 kb and one band of about 2.5 kb. Apparent heteroplasmy was
observed in the sequences of the 2.5 kb fragment, indicating that both CRs were
included in the 2.5 kb fragment (Fig. 2.3). Sequences of the 2.5 kb fragment aligned
perfectly with the LT clones and with the genomic sequence from SIB-258 from the
Siberian breeding population. Within individuals, the sequences showed ‘apparent
heteroplasmy’ at nine positions at the 5’ end of Domain I (Fig. 2.3). Domain I in ruffs
was similar to the Domain I of red knots (Fig. 2.4).
Domains II of the two CRs were nearly identical. Sequences of Domain II obtained
from the 1 and 2.5 Kb amplicons using the primers L438 and H1537 were identical for
both LT and genomic templates. Also, sequences from amplifications off LT, either
anchored in tRNAPro backwards into CR1 or in 12S backwards in CR2 (see Fig. 2.2,
Table 2.1) were in perfect alignment. 
Domain III of the two CRs was identical until the TACAT promoter near the 3’ end.
After the TACAT promoter the first CR had 88 nt of apparently random sequence,
which ended in a complete functional copy of tRNAPro (Fig. 2.4). The tRNAPro at the
3’ end of CR1 and the tRNAPro downstream of cytochrome b were identical and
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.showed a functional clover leaf folding pattern (Fig. 2.5). The second CR aligned
throughout with Domain III of red knots and ruddy turnstones, ending with a 4-nt
repeat sequence (microsatellite) of ~40 repeats which was very similar in structure to
red knots and ruddy turnstones. Overall, the two CRs were similar, with the first CR
being 1120 nt long and the second 1183 nt, as the latter included the 4-nt repeat at the
3’-end. 
Two copies of ND6 were found. ND61 was 540 nt long between tRNAPro and
tRNAGlu. Cloned products of the amplicons of the 3’-end of ND6, obtained with the
primers ND6LR3 and H402, were identical. ND62 was followed by a complete
tRNAGlu. Sequences of the amplicons using primers anchored in cytochrome b and
ND61 or in the CR and ND62 were in perfect alignment (Fig. 2.2 and Table 2.1). Both
copies aligned with ND6 of ruddy turnstones (Paton et al. 2002). 
To evaluate whether concerted evolution may explain the observed sequence simi-
larity in Domain I, paralogous and orthologous sequences of the two cloned individ-
uals were compared. Sequence of 386 nt was obtained, and the 333 nt of Domain I of
both CRs were aligned (GenBank GQ 174508, 174509, 1874510, 174511). The average
sequence divergence of the orthologous copies of Domain I was 1.5% (2.1% in CR1
and 0.9% in CR2). Within individuals, the two CRs were on average 98.2% identical.
Most variable sites were located at the 5’ end. Downstream, at position 236, we found
a shared substitution in the two control regions within an individual that was not
shared by the two control regions in the other individual (Fig. 2.6). 
34 Chapter 2
Domain I
(333 nt)
Similarities:
Ruff/Knot: 81%
CR1/CR2: 98.2%
ND6-1
CR1:
TRNA
GLU
C-string
TAS F E D
*
C BSB CSB-1
TACAT
promotor
ND6-2 TRNA
PRO
Domain II
(467 nt)
Similarities:
Ruff/Knot: 94%
CR1/CR2: 100%
Domain III
(CR1=320 nt);
(CR2=234 nt+
CAAArepeats)
Similarities:
Ruff/Knot: 83%
CR1/CR2 until
TACAT: 99%,
after 43%
ND6-2
CR2:
TRNA
GLU
F E D
*
C BSB CSB-1
12S TRNA
PHE
CAAA
CAAA
CAAA
CAAA
CAAA
Figure 2.4. Schematic representation of the two control regions (CR) in ruffs Philomachus pugnax and
comparison with control regions elements in the closely related red knots Calidris canutus.
Conserved sequence blocks (CSB) and Bird Similarity Box (BSB) are indicated in grey, (*) indicates
one nt in the conserved sequence blocks where ruffs and red knots were different. The two CRs in
ruffs were similar until the TACAT promoter. The dotted box in CR1 indicates degenerate sequence
(88 nt). The striped box indicates the 4-nt repeat at the end of CR2. CR1 was successfully amplified from 68 ruffs from a variety of breeding and
stopover locations. The amplicons started at position 124 using forward primer L141
and ended in tRNAPro using reverse primer PropR, indicating that all individuals had
the alternative gene arrangement. The average sequence divergence of the orthologous
copies of Domain I and II between each pair of the 68 individuals was 5.5 ± 0.01% (28
segregating sites in 504 nt). Within the 209 nt fragment that overlapped with Domain I
obtained from the clones individuals the sequence divergence was 7.7 ± 0.02%. 
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Figure 2.5. Secondary structure model of tRNAPro. Ruffs Philomachus pugnax have two tRNAPro
copies, which both conformed to the cloverleaf folding configuration.  
Ruff 1479281 CR1 AAACCCATTCCATTGTTAGGATTATGCATAGTAAACCCCTCGAACGTGTACGGCAGTGCTTT
CR2 AAACCCATTCCATTGTTAGGATTATGCATAGTAAACCCCTCGAACGTGTACGGCAGTGCTTT
Ruff 1481191 CR1 AAACCCATTCCATTGTTAGGATTATACATAGTAAACCCCTCGAACGTGTACGGCAGTGCTTT
CR2 AAACCCATTCCATTGTTAGGATTATACATAGTAAACCCCTCGAACGTGTACGGCAGTGCTTT
5'CACACATTCTGTACTAAACCCATTCCATTGTTAGGATTATGCATAGTAAACCCCTCGAACGTGTACGGCAGTGCTTT'
Figure 2.6. Sequences of positions 211-272 in Domain I of the control region, indicating a shared
substitution (in grey) of the two control regions within an individual that is not shared with the two
control regions in the other individual. Sequences were obtained from clones of amplicons off long
templates of ruff 1481191 and ruff 1479281. CR1 and CR2 are the two different control regions. The
highlighted substitution is located at position 236.   Discussion
The mitochondrial genome of the ruff between cytochrome b and 12SrRNAwas over
1.5 kb longer than reported for other Charadriiformes (Buehler & Baker 2003, Paton et
al. 2002). This additional piece included full duplications of the CR, ND6, tRNAPro
and tRNAGlu. Since the duplicate sequences were obtained from a 4.5 kb long
template, the occurrence of heteroplasmy in individuals can be excluded. Also, the
size of the LT amplicon was larger than most nuclear mitochondrial pseudogenes
(numts) reported in birds (Pereira & Baker 2004). Hence numts are an unlikely source
of sequence variation. Moreover, no stop codons or unusual frame shifts were found
in the duplicated ND6 coding genes.
The length of the second CR (1183 nt) was comparable to CRs in red knots, ruddy
turnstones and blackish oystercatchers Haematopus ater, which are 1168, 1172 and 1239
nt, respectively (Buehler & Baker 2003, Paton et al. 2002). The first CR was shorter
because the 4-nt microsatellite-like repeat was absent. Together with the albatrosses
(Abbott et al. 2005) and black-faced spoonbills Platalea minor (Cho et al. 2009), ruffs
possess the largest control region area reported for Aves.
The observed high level of similarity between the two CRs in individual ruffs
might be a consequence of a recent duplication of the CR, with enough time to get
fixed in the population but not enough to accumulate mutations. However, the shared
substitution of the two control regions within individuals but not between individuals
(Fig. 2.6) combined with relatively low paralogous sequence divergence, indicate that
it is likely that the two copies are kept similar by concerted evolution and might not
be of recent origin (Eberhard et al. 2001, Jiang et al. 2007, Kurabayashi et al. 2008, Singh
et al. 2008). Concerted evolution as an explanation for the observed sequence simi-
larity is further supported by the following findings. (1) The notable unevenness in
sequence similarity. All variation between CR1 and CR2 was found near the 5’ and 3’
ends. Beyond functional constraints, mutation should be relatively randomly distrib-
uted. Hence the 5’ and 3’ end should accumulate mutations through time as they are
exempt from concerted evolution by their lack of functional elements. Also, the degen-
eration of the microsatellite repeat at the 3’ end indicates that the duplication was not
recent. (2) The observed sequence similarity extended into tRNAs and ND6, indi-
cating that these duplicate genes are homogenised (Jiang et al. 2007). (3) The duplica-
tion region was present in all 68 samples obtained throughout the species distribution
range, indicating that duplicate state of the CRs is not a transient or unstable feature
found in a particular individual or deme. (4) The probability of fixation of a gene
duplication increases with decreasing effective population size (Ne) as predicted by
the nearly neutral theory (Ohta, 1973, Zhang, 2003). The ruff, however, has a large Ne
(Chapter 4) and we therefore exclude the possibility that the gene duplication became
fixed due to a recent population bottleneck or low effective population size (see also
Lynch et al. (2001)). In our study the comparison between orthologous and paralogous
sequence variation is hampered by sample size as paralogous copies were obtained
for only two individuals. In these two individuals, the sequence divergence in
36 Chapter 2Domain I of the paralogous copies of the CR was 1.8%; within the population sample
orthologous variation was 7.7% (n=68). These values are similar to Amazona parrots,
where the average sequence divergence of the paralogous and orthologous CR copies
were 1.4% and 4.1%, respectively (Eberhard et al. 2001). 
The rearrangement in ruffs reflects a gene order that is unique in the order
Charadriiformes, in that ruffs have full duplicates of the CR, ND6 and the tRNA
genes. Alternative gene orders in birds often involve pseudogenes and a degenerate
copy of the CR (Mindell et al. 1998) as in Phylloscopus warblers (Bensch and Harlid,
2000) and in Falconiformes (Cadahia et al. 2009). Gene orders similar to ruffs, with two
identical copies of the CR, were previously reported for blackcaps (Sylvia atricapilla)
and reed warblers (Acrocephalus scirpaceus) (Singh et al. 2008), but in these species no
sequences of the region before the first CR is available so it remains unclear whether
they had a duplicate ND6 and tRNAgenes. In Amazona parrots (Eberhard et al. 2001),
osprey (Pandion haliaetus) and ivory-billed aracari (Pteroglossus azara) (Gibb et al. 2007)
the first tRNAPro, ND6 and tRNAGlu are degenerate or pseudogenes. The black-faced
spoonbill (Platalea minor) has a duplicate of the CR and the adjacent cytb, ND6 and
tRNAgenes, and similar to ruffs most variation between CRs is found in the 3’end
(Cho et al. 2009). In Thalassarche albatrosses (Abbott et al. 2005) the duplicate CR is also
flanked by duplicate ND6 and tRNAgenes; the only difference between the gene
arrangements in albatrosses and ruffs is that albatrosses had a second copy of
tRNAThr. These similarities across taxa must represent convergent evolutionary
events in bird genomes (Bensch and Harlid, 2000). 
If concerted evolution of paralog copies of the control region would apply to ruffs,
than there is no active selection against the duplication of genes in the mitochondrial
genome. Maintaining two functional control regions allows for gene conversion to act
as a repair mechanism to avoid transcription error, which might represent a recombi-
national force in the animal mtDNAas suggested by Tatarenkov & Avise (2007).
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Evolving population structure
in an apparently panmictic,
inland shorebird 
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Yvonne I. Verkuil, Joop Jukema, Jos C.E.W. Hooijmeijer,
Leo Zwarts, Eddy Wymenga, Jan J. Wijmenga,
Theunis Piersma & Allan J. Baker
Long-distance migrant shorebirds living in coastal habitats have globally structured
populations, but such structuring might be less apparent in inland species. To investigate
the correlation between habitat and genetic make-up in shorebirds, studies on inland
species are needed. Ruffs Philomachus pugnax are typical inland shorebirds, with a distri-
bution through Eurasia. Genetic population structure was described by sampling seven
breeding locations in Scandinavia and Russia, two migration routes through Europe and
two wintering areas in Northwest Europe and Africa (n = 118). One mitochondrial
marker and eight nuclear microsatellite markers congruently showed that ruffs, despite
its large range, have no geographically isolated lineages. Coalescent analyses established
one refugial population during the Last Glacial Maximum (LGM). Divergence times of
breeding birds from Scandinavia and Russia (n = 66) dated after the LGM; hence
retained ancestral polymorphisms was the most parsimonious explanation for the
apparent panmixia. As genetic markers are lagging indicators of population subdivision,
temporal differences in migratory passage and wing length data were used to explore
concurrent phenotypic population structuring. Analysis of 6077 individuals sampled
from the migrants passing through The Netherlands in 2001–2008, revealed significant
size-related differences in timing of migration: shorter-winged birds migrated through
later than larger birds. This was true for both sexes and in all years. Individuals passing
through Western Europe late in spring were connected with more easterly breeding loca-
tions, where wing lengths are shorter. This integration between wing length, timing of
migration and breeding area indicates that population structuring might be evolving.
Comparisons with closely related species indicate that indeed in shorebird the evolution
of geographically isolated lineages might be related to habitat, as coastal species are
more likely to get separate over several refugia during glacial maxima.Introduction
Long-distance migrant shorebirds wintering in coastal habitats and breeding in the
Arctic have strongly globally structured populations (Buehler & Baker 2005; Buehler,
Baker & Piersma 2006; Haig et al. 1997; Wenink et al. 1996), but such structuring is less
apparent in species from inland wetlands (Kraaijeveld 2008). Species with narrow
habitat requirements are more likely to be divided into several refugia during glacial
maxima. Hence in shorebirds the magnitude of structuring into populations and
subspecies is hypothesized to correlate with wintering in coastal habitats and
breeding at Arctic latitudes (Piersma 1997, 2003, 2007). To investigate this supposed
correlation between these life-history characteristics and the evolution of geographi-
cally isolated lineages, studies on inland shorebird species are needed (Piersma 2003,
2007). We therefore studied population structure in the ruff Philomachus pugnax, a
Eurasian shorebird that historically breeds in temperate regions as well as in the
Arctic. Currently, the temperate populations, breeding in agricultural landscapes, are
declining (Delany et al. 2009) (Chapter 8). Ruffs resemble the closely related coastal red
knots Calidris canutus in that they occur in a wide range of breeding areas and have
various flyways (Fig. 3.1) (Zwarts et al. 2009). However, unlike red knots they are not
differentiated into different subspecies (Buehler & Baker 2005; Buehler et al. 2006;
Wenink, Baker & Tilanus 1993). However, the population biology of ruffs is not well
studied (Piersma et al. 1996). 
Ruffs use inland wetlands throughout their annual cycle (Wymenga 1999; Zöckler
2002; Zwarts et al. 2009), during winter and along the migratory route across Europe
and Asia (Zwarts et al. 2009). Females and the majority of males winter in sub-Saharan
Africa and India, but a small proportion of males winter in Northwest Europe (Zwarts
et al. 2009). Inland wetlands are a widely available habitat type throughout the range
and hence ruffs are very common (BirdLife International 2008; Thorup 2006). The
wide geographic range of ruffs, from the temperate zone in Northwest Europe to the
Arctic zone of Eastern Siberia, is expected to lead to the evolution of geographically
isolated lineages through isolation-by-distance. In contrast, the dependence of ruffs on
wide-spread but ephemeral habitats (Zöckler 2002; Zwarts et al. 2009) and rapid range
shifts across flyways (Chapters 7 and 8) might prevent population structure. 
We studied both genetic and phenotypic population structuring of ruffs, to
compare patterns of genetic differentiation with phenotypic differentiation. When
only applying neutral genetic markers, a species might incorrectly be considered to be
unstructured because the signal of genetic structuring lags behind the differentiation
in life history traits in evolving populations (Zink & Barrowclough 2008), or because
high levels of gene flow balance the effects of differential selection for adaptive traits
(Manier & Arnold 2006). Examples of the latter are found in fish, bivalves, insects and
reptiles (Abbot et al. 2008; Alexander et al. 2006; Harper & Pfennig 2008; Luttikhuizen
et al. 2003).
To study phenotypic population structuring two traits that are expected to be
under selection pressure were used: timing of migration and wing length. Wing length
40 Chapter 3was chosen as in ruffs it is known to vary over the breeding range and has non-over-
lapping sexual dimorphism (Jukema & Piersma 2006; Karlionova et al. 2007). In song-
birds, wing morphology is an adaption to differential selection pressures of migration
distance (Baldwin et al. 2010). Timing of migration is a life history traits that is
expected to be under selection pressure as it directly affects reproductive success
(Reudink et al. 2009). Correlation between timing of migration and wing length could
drive population structuring, especially when individuals of different size consistently
differ in their timing of migration as is the case in long-distance migrating shorebirds
(Battley 2006).
To study genetic population structure, samples were collected in breeding areas,
staging sites and wintering areas throughout the range (Fig. 3.1), and variation in one
mitochondrial and eight nuclear genetic markers was analyzed. To investigate pheno-
typic structure, a main migratory staging site in Western Europe where ruffs are
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Migratory locations
The Netherlands 10 104 6077
Belarus 9 - -
Wintering locations
Mali 18 - 67
nw Europe 18 - 185
mtDNA
(control region)
nDNA
(microsatellites)
Morphology
(wing length, mm)
Sampling
Figure 3.1. Distribution of ruffs (Philomachus pugnax) throughout Eurasia and Africa. Sampling loca-
tions are indicated. Sample sizes for the three markers are included in the table. For clarity the
various migratory corridors through Europe and Asia connecting the wintering and breeding loca-
tions are not indicated.  studied in detail was sampled. In this paper we have address the following questions:
(i) does the genome have a signature of demographic bottlenecks or isolation in
different refugia during the glacial maxima? (ii), do mitochondrial and nuclear
markers show genetic population structure, that is variation in allele frequencies
between sampling locations?, (iii) can gene flow, the exchange of genes between popu-
lations, explain the distribution of genotypes?, (iv) can we detect phenotypic popula-
tion differentiation? 
Methods
Study system and sampling
Blood and tissue samples were collected in (1) breeding areas in Scandinavia and
Russia: Norway (by authors), Sweden (by K.A. Thuman and F. Widemo), Finland (by
D.B. Lank), Gydan Peninsula, Taymir Peninsula, Yakutia and Chukotka (by P.S.
Tomokovich and M. Soloviev et al.), (2) spring staging sites in Western and Eastern
Europe: Belarus (by N. Karlionova) and The Netherlands (by authors), and (3)
wintering areas in Africa: Mali, by J. J. Wijmenga, and Northwest Europe. Northwest
European wintering birds were extracted from the University of Groningen Ruff
Database as follows: color-marked individuals were assigned the status of ‘wintering
in Northwest Europe’ when caught either between November and February in The
Netherlands, or when caught in spring and resighted between November and
February in Belgium, United Kingdom or The Netherlands. For the analyses of blood
samples, we selected individuals caught or reported in Northwest Europe in Decem-
ber/January for at least two occasions, and in most cases, in two subsequent years. 
An overview of sampling locations and sample sizes is given in Fig. 3.1. Blood
samples, stored in 98% ethanol at –80°C were curated in the collections of the Royal
Ontario Museum, Toronto, Canada and the University of Groningen Shorebird LifeLines
collection. DNAwas isolated with a DNeasy Blood and Tissue Kit (Qiagen) or by stan-
dard phenol–chloroform extractions and stored at –20°C
Of the morphometric of ruffs, only wing length of males (ruffs) and females
(reeves) does not overlap (Glutz von Blotzheim 1975; Jukema & Piersma 2006) and has
been shown to vary geographically (Karlionova et al. 2007). Also the timing of migra-
tion differs between sexes; male ruffs migrate ahead of reeves (Jukema, Wymenga &
Piersma 2001; OAG Muenster 1989a; OAG Muenster 1989b). Wing length and migra-
tion timing data of ruffs were collected at the staging location in Western Europe (The
Netherlands) and a West-African wintering location (Mali) (Fig. 3.1). Wing lengths of
birds at the breeding locations were taken from (Karlionova et al. 2007). The migrants
staging in The Netherlands during northward migration were sampled on a (semi)
daily basis between March and May 2001-2008; occasional catches were made in
autumn and winter. The wintering ruffs in Mali were sampled in January-February
2005. Ruffs were caught with mist nets (Mali) or with wilsternets, a traditional netting
method of Frisian wilsternetters (see Jukema et al. 2001b). Birds were aged using
42 Chapter 3criteria given by (Pearson 1972) (Meissner & Scebba 2005). Wing length of the
stretched wing was measured to the nearest millimeter along a stopped ruler by
collectively trained and experienced observers and a blood sample was taken. To
account for measurement error, analyses of wing measures were repeated for catches
made by a single ringer.
From the EURING database, of individually marked ruffs captured and ringed in
Western Europe in different months, a selection was made of birds recovered in May
or June, when they are normally in their breeding areas; recaptures were omitted
(Zwarts et al. 2009). The study of ruffs in The Netherlands is part of the Global Flyway
Network effort to assess demography and migration of the world’s shorebirds (Piersma
2007, 2003).
Sequencing the mitochondrial control region
A512 nt segment of Domain I & II of the control region of the mitochondrial genome
(mtDNA) was amplified and sequenced in 118 ruffs from breeding, wintering and
migratory staging sites (Fig. 3.1). We used the forward primer L141 (5’- TCCAT-
TAATCTACAACCGGGCT) and the reverse primer PropR (5’-AATACCAGCTTTGGG
AGTTGG). Ruffs have duplicated copies of the control region (CR) with 98%–100%
sequence similarity (Chapter 2). By anchoring the primer PropR in tRNAPro at the end
of the first control region we targeted the first CR only. The amplification profile used
was 2 min denaturation at 95°C, followed by 36 cycles of 94°C for 45 s, 53-57°C for 45
s, 72°C for 1.30 min, followed by a final 7 min elongation at 72°C. PCR products were
gel-purified, prepared for sequencing using BigDye Terminal Cycle Sequencing
reagents according to the manufacturer’s instructions (Applied Biosystems, Foster
City, USA) and sequenced on an ABI 3100 automated sequencer. Sequences were
edited and aligned in MEGA3.1 (Kumar, Tamura & Nei 2004). We used NETWORK
4.5.1.0 to create a median-joining haplotype network for all the sampling locations
(Bandelt, Forster & Rohl 1999). For subsequent analyses on genetic structure and
demography, only 63 birds sampled at breeding sites were included.
Screening with microsatellites markers
Ruffs were screened for genetic variation at 13 microsatellite markers in the nuclear
genome (nDNA) (Table 3.1). Nine markers were published loci cloned from ruffs
(Thuman, Widemo & Piertney 2002) and four novel loci which were isolated from a
red knot, great snipe and ruff genomic library provided by O. Haddrath (pers. comm.)
(KN2: forward primer sequence (F) (5’-3’): ACATGCAAATTCACGCCCCAG; reverse
primer sequence (R): TACCCTGCAAATGACAGAAAGGGCT; SN13: F:TGTCATGTT-
TAGCTTGGGCT; R:AGGCTGCAACTCCGCAGCAC; Phil2: F:TGAAGGTTTGT-
CACTGCAAGA; R:GCTTAAAGATTACTTGGGGGAG; and Phil 9: F:GACCACCCA
AAGCCCTATAA; R:TTTCTTTTTGAATTCACTAGCCATC). Sequences used to design
primers for these four loci have been deposited in GenBank.
PCR was carried out on a Mastercycler epgradient S (Eppendorf). PCR reaction
volume was 12.5 µL, containing 1x PCR buffer (10 mM Tris-HCL pH 8.3, 50 mM KCl,
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(Invitrogen), 2.5 pmol reverse primer (Invitrogen), and 2.5 pmol universal dye-labelled
M13 (TGTAAAACGACGGCCAGT) tail (6-FAM, NED, VIC; Applied Biosystems),
0.25 U Taq (Invitrogen) and 1.0 µL DNAtemplate. PCR conditions included an initial
denaturation step at 94°C for 5 min, 36 cycles including denaturation at 94°C for 30 s,
primer annealing at 54 or 57°C for 30 s, and primer extension at 72°C for 30 s. Afinal
step at 72°C for 5 min was used to complete primer extension. Fragment analysis was
run on the ABI 3100. Alleles were sized using 500LIZ size standard (GeneScanTM), and
allele sizes were assigned with Genemapper 3.7 (Applied Biosystems).
To test for scoring errors, Micro-Checker version 2.2.3 (Van Oosterhout et al. 2004)
was used. This programme uses a Monte Carlo simulation (bootstrap) method to
generate expected homozygote and heterozygote allele frequencies under Hardy
Weinberg equilibrium (HWE) to detect stuttering and null alleles. ARLEQUIN 3.11
(Excoffier & Schneider 2005) was used to test genotypes for deviations from Hardy-
Weinberg equilibrium and linkage disequilibrium.
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Table 3.1. Genetic variability at 13 microsatellite loci amplified in ruffs (Philomachus pugnax).
Summary statistics within and among sampling regions is given: H0, observed heterozygosity; He,
expected heterozygosity;. Hs, gene diversity. * significance at p < 0.05 level (no Bonferroni corrections
applied). W Siberia, Western Siberia; E Siberia, Eastern Siberia.  
Sweden Finland W  Siberia E Siberia
(n = 19) (n = 15) (n = 17) (n = 15)     
Locus N alleles H0 He H0 He H0 He H0 He Fst
ruff170.736 0.831 0.733 0.747 0.750 0.780 0.600 0.743 0.013
ruff690.611 0.762 0.533 0.864* 0.706 0.863* 0.867 0.878 0.019
ruff10 12 0.473 0.420 0.067 0.067 0.294 0.569* 0.076 0.286* 0.047*
ruff12 18 0.684 0.687 0.800 0.876 0.647 0.765 0.643 0.767 0.011
ruff50 11 0.700 0.692 0.600 0.671 0.800 0.721* 0.667 0.623 -0.011
KN2 4 0.632 0.587 0.600 0.570 0.235 0.428 0.600 0.549 0.024
Phil9 4 0.556 0.562 0.467 0.522 0.412 0.487 0.400 0.421 0.003
SN13 7 0.526 0.452 0.267 0.352 0.313 0.272 0.400 0.494 -0.007
ruff430.316 0.351 0.067 0.434* 0.000 0.314* 0.133 0.239 -0.003
Z-linked loci
ruff590.631 0.747 0.133 0.733* 0.353 0.656* 0.385 0.711* 0.048
ruff81 3 0.833 0.798 0.267 0.770* 0.250 0.853* 0.429 0.894* 0.032
Not used
ruff990.389 0.775* 0.267 0.782* 0.267 0.759* 0.300 0.821* 0.027
Phil2 25 0.789 0.920* 0.600 0.943* 0.765 0.950* 0.571 0.956* 0.007
Hs (8 loci): 0.620 ±0.356 0.583 ±0.327 0.622 ±0.367 0.618 ±0.357  0.612
±0.177The loci ruff9 and Phil2 were excluded from further analyses as scoring errors were
detected, leading to deviation from Hardy-Weinberg equilibrium (HWE) at all loca-
tions (Table 3.1). The samples from Sweden were collected in one confined breeding
area in Gotland, and hence markers that showed no deviations from HWE at this loca-
tion were accepted; the other groups include samples collected over a much wider
geographical range. 
To study population structuring 66 ruffs from breeding locations (Fig. 3.1) were
genotyped at eight microsatellite loci (ruff1, ruff6, ruff10, ruff12, ruff50, KN2, Phil9,
SN13). Another 104 Dutch migrant males were genotyped at seven microsatellite loci
(ruff1, ruff4, ruff5, ruff6, ruff8, ruff12, ruff50). These males were caught between March-
May 2004.
Genetic structure
For both sets of genetic markers, overall genetic distance between sampling locations
and pairwise comparisons of genetic distances between breeding locations (pairwise
Fst-values) were calculated, and tested for significance using Exact tests of sample
differentiation (MCMC simulations 100,000 steps) in ARLEQUIN 3.11 (Excoffier &
Schneider 2005). The 95% CI for Fst values were obtained by running 20,000 boot-
straps. For microsatellites, analyses were repeated in FSTAT (Goudet 1995) assuming
no HWE within samples. The significance of pairwise Fst values was obtained by
comparing the observed values with the distribution of 10,000 permutations of either
genotype among sampling locations. For these analyses samples from Gydan and
Taymir were pooled as Western Siberia and from Yakutia and Chukotka were pooled as
Eastern Siberia. Pairwise Fst-values were plotted against geographical distance to test
for isolation-by-distance.
We inferred “hidden” population structure by individual–based clustering of
microsatellite genotypes using the program STRUCTURE 2.2 (Pritchard et al. 2000).
This Bayesian method estimates the probabilities of K clusters (ln P(X|K) amongst the
pooled genotypes. We ran the program independently for pooled samples from
breeding locations (n = 66) and for males sampled at the migratory location (n = 104).
We ran an independent allele frequency/asymmetric ancestry model by allowing
allele frequencies in the putative populations to be independent from each other, as
the breeding locations were distributed over a large geographical range (throughout
Eurasia). Also, the use of a correlated allele frequency model slightly increases the
chance of over-estimating K (Pritchard et al. 2000).
The allele frequency prior (LAMBDA) was set to 1 (default), as our markers were not
skewed towards low/high frequencies. We had no a priori reason to assume that each
individual comes purely from one population, so individuals were allowed to have
mixed ancestry. Auniform prior (ranging from 0–10) on the distribution of the ancestry
parameter α was assumed; using the gamma prior resulted in unlikely low α estimates
(< 0.01). Initial runs assuming symmetric ancestry resulted in bi-modal distributions for
ln P(X|K), while asymmetric ancestry resulted in unimodal distributions; so the final
models were run assuming unique αi for each population. We ran 10 independent tests
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were set at 200,000 and 1 million. The log probabilities (ln P(X|K) were used to calculate
the posterior probabilities of K (Pritchard et al. 2000).
Population equilibrium
For the mtDNAsequences, Tajima’s D, haplotype diversity (h) and nucleotide diver-
sity (π) were estimated with DnaSP version 5.0 (Rozas et al. 2003), where coalescent
simulations (1000 replicates) were run to determine 95% CIs for the parameters. To
test whether the global population was in equilibrium, R2 statistics were caculated
(Ramos-Onsins & Rozas 2002), which is based on the difference between the number
of singleton mutations and the average number of nucleotide differences between
haplotypes. R2 can detect population expansion for non-recombining regions when
population sample sizes are small (around 10) or when the number of segregating
sites is low (around 20), which is our case. R2 and its significance were obtained by
running 5000 coalescent simulations in DnaSP (see (Pilkington et al. 2008). 
Coalescent-based estimates of demography
Historical demography and gene flow was inferred using the Coalescent (Beerli &
Felsenstein 1999, 2001; Rosenberg & Nordborg 2002). Following the Wright island
model of migration, the classic estimators of population genetics assume populations
to have evolved under an equilibrium between drift and migration (Griswold & Baker
2002). In ruffs, the absence of genetic population structuring renders the classic Fst
statistics insufficient to estimate demographic signatures. The Coalescent infers popu-
lation parameters from haplotypes trees rather than haplotype frequencies and hence
is able to estimate population parameters for non-equilibrium populations. Based on a
priori knowledge of variation west and east of the river Ob in morphology
(Karlionova et al. 2007) and timing of migration (Zwarts et al. 2009), haplotypes and
genotype data were pooled in two groups, Scandinavia and Siberia. For a rationale of
data pooling see http://groups.google.com/group/isolation-with-migration.
For coalescent analyses, the program IM was used (Hey & Nielsen 2004). IM
accounts for relatively recently evolved populations (Kuhner 2006) and non-equilib-
rium populations (Excoffier & Heckel 2006). IM returns estimates for the variance
parameter theta (θ), and the migration parameters M1 and M2. The effective popula-
tion size (Ne(f)) was calculated using θ = 4Ne µ for nuclear markers and θ = 2Ne µ for
the mitochondrial marker, where µ is the mutation rate. When calculating Nef the
mutation rates were divided by two to account for µ = d/2T. Time since divergence
(T) was calculated by t/µ. The migration rates (m1>2 and m2>1) were calculated by
θ*M1 and θ*M2. To test whether gene flow was significant, the log-likelihood values
for a zero-migration-model log(P|D)zm and a migration-model log(P|D)m were
compared with the log-likelihood ratio (LTR) test. The model that the data fitted best
has the highest log(P|D). Initial runs were executed to determine priors and run
lengths needed to complete the posterior probability distributions; initial runs had
default priors of 18-200 for θ and 20-100 for M.
46 Chapter 3For mitochondrial sequences, the HKY model was used to correct for multiple hits
at sites. The final runs had three simultaneous chains, using θ = 100, M1,2 = 100 and
t = 10 as priors for the migration model, and θ = 200, M1,2 = 0 and t = 10 for the zero-
migration model. Upon completion, the effective sample size for all parameters was
> 250. Mutation rates (µ) were assumed to lie around 5% Myr, which for a sequence
length of 512 nt translates in 2.5x10-5 per locus per year with a range of 2.5x10-5 to
7.5x10-5. This estimates included values for shorebirds given for Domain I of the
control region by (Wenink & Baker 1996) and also the lower mutation rate for
sequences including Domain II as suggested by (Buehler & Baker 2005). 
For the microsatellite data the stepwise mutation model (SMM) was used. Two
long runs were executed, one with priors set to θ = 100, M1,2 = 100 and t = 10, and one
with θ = 100, M1,2= 0 and t = 10. Adaptive heating was set to three, meaning that the
parameter space was sampled by three simultaneous heated chains. Runs were
extended until effective sample size for all parameters was > 50. Mutation rates of
1x10-4 mutations per locus per year were assumed, which a general microsatellite
mutation rate in vertebrates (Whittaker et al. 2003). Birds have fewer microsatellites
than mammals, however, characteristics such as length, allele dispersion and range of
allele sizes, do not differ between birds and mammals, and mutation rates should be
comparable (Neff & Gross 2001).
Statistical analyses of phenotypic data
On the basis of 6077 ruffs of known wing length caught in The Netherlands during
migration between 2001 and 2008, we tested relationships between wing length,
timing of migration and wintering area. This analyses contained 5093 males (3748
adults), and 984 females (742 adults). 185 males were assigned as wintering in
Northwest Europe as described above. Afurther 76 ruffs were caught in Mali, 6 adult
males and 70 adult females; only adults were included as the catches in Mali
contained very few young birds. The response variables wing length and date were
normally distributed and had homogeneous sample variances; hence linear models
(LM) were used (SPSS 14). When modeling wing length changes during the migration
season, all individuals sampled in The Netherlands were included; the model
included date as covariate, fixed factors year, age, sex, and interactions between vari-
ables; non-significant interactions were excluded by backward elimination. To test for
migration timing differences (date) between individuals wintering in Northwest
Europe and the Dutch migrants, only adult males were included; variables entered in
the model were group and year as fixed factors and their interaction. There were insuf-
ficient resightings in Northwest Europe of individuals that were color-banded in Mali
to infer their phenology. In the model testing for differences in wing length of ruffs
wintering in Africa and in Northwest Europe date was entered as a covariate, and
wintering location and sex as fixed factors plus all of the interactions; non-significant
interactions were excluded by backward elimination.
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Genetic structure
Global genetic differentiation was not significantly different from zero in both types of
genetic markers (p > 0.1). In the mtDNA, the overall nucleotide diversity was 0.0069
(Table 3.2). The sequence of 512 nt contained 32 variable positions and 34 mutations
within 118 individuals. The overall transition/transversion bias R was 25.8, and
haplotype diversity h was 0.949 ± 0.013. Twenty-nine of the 55 haplotypes observed
occurred as singletons. The two most common haplotypes were found in 35 ruffs
(Table 3.3). Common haplotypes were shared among the geographical locations (Table
3.4). The minimum spanning network of mutation distances between haplotypes
showed extensive radiations from the common haplotypes, but there were no large
mutational breaks leading to haplotype groupings (Fig. 3.2). The raggedness statistics
assuming a demographically stable population was not significant (mean rgD = 0.02,
p = 0.6). The pairwise Fst tests based on sequence variation detected no significant
differences between sampling location (p > 0.1). The Exact test of sample differentiation
based on haplotype frequencies was significant (Exact p value = 0.021 ± 0.009), how-
ever pair-wise Fst values were insignificant after Bonferonni correction (Table 3.5A). 
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Table 3.2. Molecular diversity within 512 nt of control region sequence in ruffs (Philomachus pugnax)
sampled various locations throughout the range.   
Geographical location n nh h pi (95% CI)
Breeding locations
Scandinavia
Norway 2 2 1.000 0.0140
Sweden 18 14 0.954 0.0067
Finland 18 9 0.863 0.0065
Western Siberia
Gydan 4 4 1.000 0.0079
Taymir 9 7 0.917 0.0071
Eastern Siberia
Yakutia 4 4 1.000 0.0065
Chukotka 7 6 0.952 0.0081
Migratory staging sites
Netherlands 10 9 0.978 0.0063
Belarus 9 9 1.000 0.0077
Wintering locations
Africa (Mali) 18 14` 0.967 0.0062
Northwest Europe 18 11 0.915 0.0069
All 1185 5 0.949 0.0069 (0.0016-0.0167)
n, number of individuals sequenced; nh number of different haplotypes; h, haplotype diversity, pi, nucleotide
diversity.49
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Table 3.3. Variable sites in 512 nt of control region sequence found in 118 ruffs (Philomachus pugnax).
Sites are numbered according their position in the sequence of Domain I and Domain II in the first of
the two control regions in ruffs (see Chapter 2). Sampling locations: Scandinavia (Norway, Sweden,
Finland), Siberia (Gydan Peninsula, Taymir Peninsula, Yakutia and Chukotka), The Netherlands,
Belarus, Mali and Northwest Europe (wintering). See Fig. 3.2 for haplotype network.    
1111111122333444555
22222444444571222333416126788001
34569012457767067156017792817571
HN        
Hap_1    1 TCCTATCCTTTACAATCGTCCAGGCATGTCTC
Hap_2    1 C.T...................AAT....T.T
Hap_3    18 C.T...................A.T.CA....
Hap_4    3 C.....................A...C.....
Hap_5    3 ......................A.T.C.....
Hap_6    6 C................A....A.T.C.....
Hap_7    3 .........C............A.T.C.....
Hap_8    1 C.T.....C.............A.T.C.....
Hap_9    17 C.T...................A.T.C.....
Hap_10   1 C.T..C................A.T.CA....
Hap_11   1 C.....................A.T..A....
Hap_12   1 .....C.T.C............A.T.......
Hap_13   5 C.....................A.T.C.....
Hap_14   1 C....C.T..............A.T.C.....
Hap_15   1 ......................A.........
Hap_16   1 C......T..........CT..A.T.C.....
Hap_17   1 CA....................A.T.CA....
Hap_18   2 ...........G..........A.........
Hap_19   2 C.....................A.T.....C.
Hap_20   2 ..T..C................A.T.CA....
Hap_21   7 .........C............A.T.......
Hap_22   1 C.T......CC...........A.T.CA...T
Hap_23   1 .........C......T.....A.T.......
Hap_24   2 C...........T.........A.TTC...C.
Hap_25   1 C.T...................A.T.C....G
Hap_26   1 C.T........G..........A.T.C.....
Hap_27   2 C.....................A.........
Hap_28   1 C.....................A..C......
Hap_29   1 ..T........G..........A.T.C.....
Hap_30   1 C.....................A.T.......
Hap_31   1 C......T......GC......A.T.C.....
Hap_32   1 C.T......C............A.T....T.T
Hap_33   1 C............G........A.T.C.....
Hap_34   2 C.T......C............A.T.CA...T
Hap_35   1 ..T...................A.........
Hap_36   1 C.T...T...............A.T.CA....
Hap_37   1 C.T...................A.T.C..T.T
Hap_38   1 C.....................A..T......
Hap_39   1 C.T........G..........A.T.C..T..
Hap_40   2 C.T...................A.T.CA.T..
Hap_41   1 CT....................A.T.CA....
Hap_42   3 C.T...............CT..A.T.C.....
Hap_43   1 .......T.C............A.T..A....
Hap_44   1 C........C.......A....A.T.C.....
Hap_45   1 ......................A.T.......
Hap_46   1 C.....................A.T....T..
Hap_47   1 C.....................A.....C...
Hap_48   1 C.T...................AAT.C..T.T
Hap_49   1 C.T.G................GA.T.C.....
Hap_50   1 C......T...........T..A.T.C.....
Hap_51   1 ...C...T.C............A.T.......
Hap_52   1 .........C...G........A.T.C.....
Hap_53   1 C.T...................A.T.CA.A..
Hap_54   1 C.T...................A.T....T.T
Hap_55   1 C.T..C...C..........T.A.T.CA....In the nDNAmicrosatellite markers, no significant linkage disequilibrium was
detected, indicating the eight markers were not linked. Overall genetic variation
expressed as mean gene diversity (Hs), was 0.612 (± 0.177) (Table 3.3). Global genetic
differentiation was not significantly different from zero: Fst = 0.012 (95% CI -0.001-
0.026). The variation between sampling sites was 1.2% and within locations 98.8%
(AMOVA). No significant genetic differentiation was found using the Exact test
50 Chapter 3
Table 3.4. Haplotype distribution over breeding locations of ruffs (Philomachus pugnax), based on 512
nt of control region sequence of 66 ruffs. Variables sites of haplotypes are depicted in Table 3.1.
Haplotype network for all sampling locations (wintering, breeding, migration) is given in Fig. 3.2.   
HAPLOTYPE Norway Sweden Finland Gydan Taymir Yakutia Chukotka
Hap_1: 1
Hap_2: 1
Hap_21: 1 1 2
Hap_4: 1
Hap_5: 1
Hap_34: 1 1
Hap_7: 1
Hap_8: 1
Hap_9: 4 1 3 1 1
Hap_6: 1 3 1
Hap_11: 1
Hap_12: 1
Hap_3: 2 6 1 1
Hap_14: 1
Hap_40: 1 1
Hap_16: 1
Hap_42: 3
Hap_18: 1
Hap_19: 1
Hap_20: 1
Hap_50: 1
Hap_22: 1
Hap_23: 1
Hap_24: 1
Hap_25: 1
Hap_26: 1
Hap_27: 1
Hap_28: 1
Hap_29: 1
Hap_30: 1
Hap_31: 1
Hap_32: 1
Hap_33: 1
Hap_35: 1(Table 3.5B). Additionally, Weir & Cockerham’s pair-wise comparisons, assuming that
populations are not in HWE, revealed a global θ (0.008; 95% CI 0-0.017) which was not
significantly different from 0. The Bayesian clustering analyses in STRUCTURE did
not detect significant population subdivision (Pr (K=1) = 1). When K=1 is ignored the
most likely is K=2 (Pr (K=2) = 0.26; Pr (K=3-5) <= 0.002).
Population divergence time and gene flow
For mtDNA, the Coalescent migration model had significantly higher log-likelihood
values than the zero-migration model (log(P|D)m = –796.6, log(P|D)zm = –10401,
p<0.001). For nDNA, the migration model also fitted better than the null model
(log(P|D)m = –370.8, log(P|D)zm = –498.1, p<0.0001). For marker sets estimates of M1
and M2 did not reach complete posterior distribution curves; estimates ranged from
ca. 170–1000 migrants per generation. Estimates for genetic diversity (θ) and diver-
gence time (t) had complete posterior distribution curves in all analyses. The historical
effective population size was 32,991 (95% CI 10,982-43,917) for mtDNAand 22,697
(95% CI 13,911-50.519) for microsatellites. In mtDNA, the t was 10,770 (95% CI 7,806-
17,490) years. Assuming the lower mutation rate of 2.5x10-5 per locus per year, t was
24,308 years. For microsatellites t was 650 (95% CI 550-2650) years. Estimates of time
of population divergence are after the LGM, and indicate that lineage sorting is still
incomplete; hence the high gene flow estimates probably confound the maintenance
of ancestral polymorphisms with current gene flow. 
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Table 3.5. Genetic differentiation (Fst) of ruffs (Philomachus pugnax) sampled in at breeding localities
in Scandinavia (Sweden and Finland) and Western Siberia (Gydan and Taymir) and Eastern Siberia
(Yakutia and Chukotka). (A) Fst in control region sequences (mtDNA, 512 nt). Below diagonal DnaSP
estimates, above diagonal Arlequin estimates. After Bonferroni correction, no significant Fst values
were detected with Exact tests of sample differentiation. (B) Fst at eight microsatellite loci (nDNA).
Below diagonal FSTAT estimates, above diagonal Arlequin estimates. Both jackknifing over loci and
Exact tests of sample differentiation revealed no significant population structure (p > 0.1).   
A. mtDNA Sweden Finland Western Siberia Eastern Siberia
n = 18 n = 18 n = 13 n = 11
Sweden - -0.006 0.003 -0.007
Finland -0.006 - 0.030 0.013
Western Siberia 0.003 0.029 - -0.002
Eastern Siberia -0.008 0.011 -0.002 -
B. nDNA Sweden Finland Western Siberia Eastern Siberia
Sweden - 0.016 0.009 0.006
Finland 0.014 - 0.005 0.019
Western Siberia 0.009 0.005 - 0.006
Eastern Siberia 0.007 0.014 0.006 -Phenotypic structure
Individually ringed ruffs migrating through Western Europe are connected to
different breeding areas depending on their timing of migration: ruffs passing through
in April and May reached more easterly breeding locations than birds migrating
through in March (Fig. 3.3). After the breeding season, in August and September, indi-
viduals from far eastern breeding areas pass through Western Europe. 
In ruffs migrating through The Netherlands in spring, mean wing length
decreased significantly in the course of the passage period in both sexes (F1,6077 = 27.4,
p < 0.0001) (Fig. 3.4). No significant year effect was found (F1,6077 = 1.49, p = 0.178).
Interactions between year and date, sex and date, sex and year, age and date, and age
and year were all non-significant (p > 0.5) and were excluded from the model by back-
ward selection. The absence of year and date interaction (F1,6077 = 0.49, p = 0.82)
means that pattern was consistent between years (2001–2008). In the subsample of
measurements collected by a single ringer similar patterns were found.
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sampling locations
Figure 3.2. Minimum spanning network of haplotypes based on 512 nt of mitochondrial control
region sequence of ruffs (Philomachus pugnax). Colour: breeding sites in Scandinavia (Norway,
Sweden, Finland) and in Siberia (Gydan Peninsula, Taymir Peninsula, Yakutia and Chukotka). Solid
greys: sites in Western and Eastern Europe (The Netherlands, Belarus). Patterned greys: wintering
location in Africa (Mali). Length of lines corresponds with distance: short line = 1 mutation; longer
lines => 2 mutations. Variables sites of haplotypes (1-55) are depicted in Table 3.1.  The mean date of presence at the staging sites in The Netherlands of males winter-
ing in Northwest Europe was not significantly different from the Dutch migrants
(F1,3775 = 0.02, p = 0.902). Also, the average wing length was not significantly different
between males who winter in Northwest Europe and Dutch migrants for which
wintering status could not be assigned (Fig. 3.5). Females caught while wintering in
Mali were significantly smaller than the average females migrating through in The
Netherlands (F1,812 = 4.62, p = 0.046). Males caught in Mali in winter were smaller
than the average Dutch migrants, but this was based on six birds only (Fig. 3.5).
53
P
o
p
u
l
a
t
i
o
n
 
s
t
r
u
c
t
u
r
e
 
i
n
 
r
u
f
f
s
0
0
20
40
60
80
100
c
u
m
u
l
a
t
i
v
e
 
%
100 120 20 40 60 80
longitude (°E)
140 160
0
20
40
60
80
100
c
u
m
u
l
a
t
i
v
e
 
%
June (n=32)
July (n=28)
Aug (n=87)
Sep (n=13)
Oct–Feb (n=4)
March (n=13)
April (n=14)
May (n=31)
autumn
winter/spring
70°N
60°N
50°N
40°N
Figure 3.3. Assumed breeding origin (ºE) of migratory ruffs (Philomachus pugnax) in Western Europe.
Individuals were captured and ringed in Western Europe in different months and subsequently a
selection was made of individuals recovered in May or June, when they are believed to be breeding
or to be close to their breeding areas (red dots on the map). The monthly ringing cohorts in Western
Europe are colour-coded. Lines depict cumulative proportions of the monthly cohort recovered at
breeding longitudes in May or June. By following the lines, for each longitudinal interval the propor-
tion of individuals from a monthly cohort occurring at that longitude can be derived. The 100% level
indicates the easternmost breeding longitude of the monthly cohort.   54 Chapter 3
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The major findings of this study are that (1) ruffs have no significant genetic popula-
tion structure, (2) breeding populations of Scandinavia and Siberia divided after the
LGM; hence, retained ancestral polymorphism was the most parsimonious explana-
tions for the apparent panmixia, and thus current gene flow could not be estimated,
(3) the passage population was phenotypically structured: ruffs had wing length-
related differential migration schedules and (4) ruffs with different migration sched-
ules were connected to different breeding areas. 
Genetic structuring in ruffs
Both in mtDNAand nDNA, no genetic structure was detected in ruffs sampled
throughout Eurasia. Also, no evidence was found that the ancestral population was
genetically structured. No mutational difference leading to breakpoints between
haplotype groups were observed, which suggests that ruffs were confined to a single
refugium during the LGM. Also for both mtDNAand nDNA, divergence with migra-
tion was the best Coalescent model, indicating that sampling groups were homoge-
neous, which is consistent with one refugial population during LGM. Estimates of
time since the split between the breeding areas indicated recent divergence times after
the LGM. Indeed 21,000 years is a short time for population divergence (Zink &
Barrowclough 2008). Furthermore, mtDNAhad signatures consistent with an
expanding population suggesting range expansion. We conclude that ruffs remained
in one Arctic or Subarctic glacial refugium, unlike red knots and dunlins Calidris alpine
who were divided over severa refugia (Wenink et al. 1993; Wenink et al. 1996) and re-
colonized their current range since LGM. 
The homogenization of genotype frequencies among the sampling groups distribut-
ed across the Eurasian continent, might be the result of gene flow. An alternative expla-
nation for the signature of high gene flow and no genetic structuring is that sampling
groups share ancestral polymorphisms, as polymorphisms were spread everywhere
during re-colonization of the breeding grounds after the LGM (Bulgin et al. 2003). Since
then ancestral polymorphisms have not been sorted into lineages. Also, the fact that a
geographical cline in wing length was able to arise (Karlionova et al. 2007) suggests that
unsorted ancestral polymorphism is a more likely explanation for the distribution of the
genetic neutral markers, unless selection for wing length is strong enough to counter the
current level of gene flow. There are indications that current levels of gene flow in ruffs
might indeed be high. The most eastern locality in our study, Chukotka, the north-east
edge of the Eurasian continent, was only colonized by ruff in the 1980’s (Tomkovich
2003). The variety of haplotypes and levels of genetic variation we detected in Chukotka
did not indicate any founder effect. As already suggested by Van Rhijn (1983), this could
mean that females may have mated on leks en route to the far-eastern breeding
grounds. Or it could suggest that Chukotka has been colonized by groups that have
been formed in the wintering areas (Widemo 1997). Both mechanisms would also
explain why we did not see any genetic signal of isolation-by distance. 
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The time scale sampled with genetic markers is dependent on the effective population
size, only vicariant events that lie within the coalescent time of the marker can be
detected, and hence genetic markers only reveal historical processes (Zink &
Barrowclough 2008). This means that the absence of genetic structuring in ruffs does
not exclude current segregating processes. In ruffs, there is indeed evidence for pheno-
typic population structure. In the Dutch migrants, the timing of migration and wing
length differentiation was correlated: shorter-winged ruffs migrate later than longer-
winged birds (Fig. 3.4). Ringing data of ruffs ringed throughout Western Europe
showed that the timing of migration correlates with breeding location: later birds
breed further east (Fig. 3.3). Furthermore, ruffs breeding east of the river Ob have
shorter wings than western breeders (Karlionova et al. 2007). The relationship between
wing length, timing of migration and breeding area is an indication that genetic popu-
lation structuring is evolving in ruffs. 
Whether the wintering populations are differentiated according wing size remains
unsure. The portion of the Dutch male migrants that spent the winter in Northwest
Europe, rather than in Africa, had the same wing length variation as the total Dutch
passage population, indicating that Northwest European winter birds are of mixed
origin. Females wintering in Mali were smaller than the average Dutch migratory
population, indicating that the larger females overwinter outside the Sahel, possibly
southern Africa (Zwarts et al. 2009). 
Phenotypic structuring shows that even though we did not detect significant
genetic population structure, currently ruff populations are not panmictic. It remains
unsure whether high levels of gene flow balances the effects of population differentia-
tion (Luttikhuizen et al. 2003), or that population differentiation has to yet erase ances-
tral polymorphisms. Ruffs live in unpredictable ephemeral habitats, and they
probably are well adapted for (re-)colonizing wintering, migratory routes and even
new breeding areas (Tomkovich 2003). This is corroborated by the exchange occurring
between flyways in successive years (Chapter 7) and the fast distributional changes
known for ruffs (Chapter 8).
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Genetic evidence for the reduction
of effective population size in
males in a lek-breeding system
Yvonne I. Verkuil, Jos C.E.W. Hooijmeijer, David B. Lank,
Theunis Piersma & Allan J. Baker
In lek systems, the lekking sex has a high variance in mating success which can to lead
to a skew in life-time reproductive success (LRS). Sexual selection operates on the
lekking sex through this variation in LRS. Many studies show a skew in annual male
mating rates in lekking species, but the magnitude of the skew in life-time reproductive
success (LRS) often remains unknown. However, if lekking males have a strong skew in
LRS the expected ratio of maternal effective population size (Nef) to biparental effective
population size (Ne) is predicted to decline to 1:1/3, instead of 1:2 for random mating
(Chesser & Baker 1996). We therefore used variation in maternally transmitted mito-
chondrial control region sequences and eight biparentally transmitted autosomal
microsatellites in the ruff Philomachus pugnax to estimate maternal and biparental effec-
tive population sizes with the equations θ = 2Nef*u and θ = 4Ne*u, respectively. Over a
range of published avian and vertebrate mutation rates (µ) the ratio between the
maternal and bi-parental effective population size was <1:1. This confirms that in ruffs
the mating bias among males ultimately results in a skew in LRS larger than that among
females. This skew in LRS explains the strong sexual selection on male ruffs.
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Lek mating systems produce large variance in individual mating success of the
lekking sex (Mackenzie et al. 1995). An unsolved issue in studies of leks is the extent to
which the annual or apparent skew in mating success (Kokko et al. 1998, 1999) ulti-
mately produces comparable skews in life-time reproductive success (LRS) (Widemo
1998). Variance in LRS enables sexual selection to operate and will result in sexual
dimorphism (Andersson 1994). In the buff-breasted sandpiper Tryngites subruficollis, a
lekking species with limited sexual dimorphism, a male mating skew at leks was not
mirrored by a skew in paternity; many males achieved paternity by copulating
outside leks, considered ‘exploded’ leks in this species (Lanctot et al. 1997). To deter-
mine whether species with more developed lek systems than buff-breasted sandpipers
and hence stronger sexual selection, have unequally skewed LRS between the sexes,
behavioural observations and paternity analyses are needed. However, these measures
are difficult to obtain in non-monogamous species and are usually limited to a selec-
tion of individuals followed for a limited proportion of their reproductive life (but see
Duval & Kempenaers (2008)). 
Evolutionary histories of variance in LRS can also be detected by the current genetic
variation in a species. Unequal mating success leads to a smaller effective population
size (Ne) than random mating (Chesser & Baker 1996; Emlen & Oring 1977). Under
random mating, the theoretical difference in the maternal and biparental effective size
is close to Nef:Ne = 1:2 (Chesser & Baker 1996). However, under the scenario of a strong
male skew in LRS, the lek model of Chesser and Baker (1996) predicts that the ratio
Nef:Ne can be as low as 1:1/3. Ascenario of a sex-specific skew in mating would thus
lead to differential effects on Ne in sex-linked versus biparentally inherited genetic
markers. Acomparison of Ne estimated with sex-linked genetic markers that are only
transferred by half the individuals, in comparison with Ne estimated with bi-parental
markers, may help us establish any sex-related skews in LRS (Chesser & Baker 1996). 
Here we assess the skew in LRS of male ruffs (Philomachus pugnax) by estimating
how the ratio Nef:Ne deviates from the random mating model. Ruffs are long-distance
migratory shorebirds with a strong and complex lek mating system (Hogan-Warburg
1966; Jukema & Piersma 2006; van Rhijn 1973, 1991; Widemo 1998). Variance in female
LRS is expected to less strongly skewed than in males as it largely is a function of
survivorship, since clutch size is almost unimodal and double brooding is unlikely
(Piersma et al. 1996). In contrast, many male ruffs don’t mate at all in some years (e.g.
Hogan-Warburg 1966) and thus variance in male LRS is expected to be high, especially
since three genetic types of males persist: independents, satellites and faeders (Jukema
& Piersma 2006; Lank et al. 1995). Despite extensive evidence of annual skew in
mating success between and within these permanent mating strategies (see below), it
has not been tested whether this leads to a skew in LRS that is strong enough to affect
genetic variation.
Independents make up 80-90% of male ruffs on leks. They are large, colourful and
feisty, and can behave as residents, who display and mate on territories on the lek, or
60 Chapter 4as marginals, who rarely mate at leks (Hogan-Warburg 1966; van Rhijn 1973, 1991).
Satellites are recognised by white or light plumage and share territories with residents
(Hogan-Warburg 1966). They occur in lower numbers than independents (10-20%),
consistent with their lower mating success as documented in the field (Widemo 1998).
Faeders are females mimics; they develop no sexual ornaments, are only slightly
larger than the small females (Jukema & Piersma 2006). Their mating system is still
unknown, but they are able to sire offspring in captivity (D.M. Lank & S. McRae,
unpubl. data). Faeders occur at a frequency of about 1% of populations (Chapter 5). 
The differential mating rates within and among independents, satellites, and
faeders is expected to ultimately lead to a skew in male LRS. However, variation in
LRS could be smaller than commonly assumed (Widemo 1998). Firstly, males unsuc-
cessful in a concurrent year might be investing in future reproduction. Secondly, over
half of the clutches in ruffs have multiple fathers (Lank et al. 2002; Thuman & Griffith
2005). Multiple paternity might reduce the skew in polygynous species (Webster et al.
1995) unlike in monogamous species (Dolan et al. 2007). Thirdly, the skew in mating
success decreases with lek size (Höglund et al. 1993; Höglund et al. 1998; Widemo &
Owens 1995), but see Kokko et al. (1998), so when most males operate on larger leks
(>20 males) the mating skew might be limited (Widemo 1998). Fourth, mating skews
observed at leks might be balanced by off-lek copulations (Lank & Smith 1987; van
Rhijn 1991). In paternity studies a proportion of the offspring could not be assigned to
fathers (Lank et al. 2002), hinting at copulations at other leks with unsampled males or
off-lek copulations. 
Behavioural studies examining a possible skew in LRS of ruffs have not been able
to estimate the magnitude of true skew in LRS. Auseful alternative approach in
assessing skew in LRS is through its effect on genetic variation in maternally and
biparentally transmitted genes. Confounding factors when assessing sex-specific skew
in LRS by determining genetic variation of sex-linked markers are (1) sex-specific
dispersal rates, (2) unequal sex ratios and (3) sex-specific population fluctuations.
Hence, in addition to Ne and Nef, sex-biased dispersal was estimated and effects of sex
ratio distortion were modeled. 
Methods
Sample collection
Blood and tissue samples of ruffs were collected in breeding areas in Sweden (by
K.A. Thuman and F. Widemo), Finland (by D.B. Lank), Gydan, Taymir, Yakutia and
Chukotka (by M.Y. Soloviev and P.S. Tomkovich et al.). Blood samples were stored in
98% ethanol at –80°C. All samples, except the Swedish samples, are curated in the
collections of the Royal Ontario Museum, Toronto, ON, Canada and the University of
Groningen Shorebird LifeLines collection. DNAwas isolated with a DNeasy Blood
and Tissue Kit (Qiagen) or by standard phenol–chloroform extractions, and stored
at –20°C.
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Asegment of Domain I & II of the control region was amplified and sequenced with
forward primer L141 (5’- TCCATTAATCTACAACCGGGCT) and reverse primer
PropR (5’-AATACCAGCTTTGGGAGTTGG). By anchoring the primer PropR in
tRNAPro at the end of the first control region the first CR only was targeted (ruffs have
two full duplicated copies of the control region, Chapter 3). The amplification profile
used was 2 min denaturation at 95°C, followed by 36 cycles of 94°C for 45 s, 53-57°C
for 45 s, 72°C for 1.30 min, followed by a final 7 min elongation at 72°C. PCR products
were gel-purified, prepared for sequencing using BigDye Terminal Cycle Sequencing
reagents according to the manufacturer’s instructions (Applied Biosystems, Foster
City, USA) and sequenced on an ABI 3100 automated sequencer. Sequences were
edited and aligned in MEGA3.1 (Kumar, Tamura & Nei 2004). Control region I
sequences of 512 nt from domain I and II were obtained for 63 individuals from
various breeding locations. The transition/transversion bias in this sample of breed-
ing birds was R = 33. See Chapter 3 for further information on sequence variation.
Nuclear (nDNA) microsatellites markers
Atotal of 66 individuals from various breeding locations were genotyped for eight auto-
somal polymorphic microsatellites (ruff1, ruff6, ruff10, ruff12, ruff50, KN2, Phil9, SN13).
The markers were published loci cloned from ruffs (Thuman et al. 2002) and three novel
loci which were isolated from a red knot, a great snipe library and a ruff genomic
library provided by O. Haddrath (pers. comm.) (KN2: forward primer sequence (F)
(5’-3’): ACATGCAAATTCACGCCCCAG; reverse primer sequence (R): TACCCTG-
CAAATGACAGAAAGGGCT SN13: F:TGTCATGTTTAGCTTGGGCT; R:AGGCTG-
CAACTCCGCAGCAC; and Phil 9: F:GACCACCCAAAGCCCTATAA; R:TTTCTTTTT
GAATTCACTAGCCATC). Sequences used to design primers for these three loci have
been deposited in GenBank.
PCR was carried out on a Mastercycler epgradient S (Eppendorf). PCR reaction
volume was 12.5 µL, containing 1x PCR buffer (10 mM Tris-HCL pH 8.3, 50 mM KCl,
2.5 mM MgCl2, 0.01% gelatin), 0.7 pmol dNTP (Invitrogen), 0.75 pmol forward primer
(Invitrogen), 2.5 pmol reverse primer (Invitrogen), and 2.5 pmol universal dye-labelled
M13 (TGTAAAACGACGGCCAGT) tail (6-FAM, NED, VIC; Applied Biosystems), 0.25
U Taq (Invitrogen) and 1.0 µL DNAtemplate. PCR conditions included an initial
denaturation step at 94°C for 5 min, 36 cycles including denaturation at 94°C for 30 s,
primer annealing at 54 or 57°C for 30 s, and primer extension at 72°C for 30 s. Afinal
step at 72°C for 5 min was used to complete primer extension. Fragment analysis was
run on the ABI 3100. Alleles were sized using 500LIZ size standard (GeneScanTM),
and allele sizes were assigned with Genemapper 3.7 (Applied Biosystems).
Estimating effective population size using Coalescent analysis
We inferred the effective population sizes for mtDNAand nDNAmarkers using
Coalescent analysis (Beerli & Felsenstein 1999, 2001; Rosenberg & Nordborg 2002). The
coalescent is able to estimate population parameters for non-equilibrium populations. To
62 Chapter 4calculate effective population sizes the variance parameter θ was estimated for both
markers. The effective population size was calculated using θ =2Nef*µ for mtDNAand
θ = 4Ne*µ for nuclear DNA, where µ is the mutation rate. To estimate θ the program
LAMARC (Kuhner 2006) was used which allows a single, non-equilibrium population
(Excoffier & Heckel 2006). The haplotypes/genotypes were considered to be sampled
from a genetically uniform global population (Chapter 3). For all runs, curve-files were
plotted to assess the shape of the posterior probability distributions. 
For microsatellites, the Bayesian brownian motion model was used, which is a
continuous modification of the discrete stepwise mutation model. Six short initial runs
were performed to assure that estimates converged and to determine how many trees
needed to be sampled to obtain unimodal posterior probabilities. One long run was
executed with priors for θ set at 0.001-30, which sampled 50,000 trees, with sampling
increments of 100. Adaptive heating was set to three, meaning that the parameter
space was sampled by three simultaneous chains. For µ, we assumed a range of
possible mutation rates of 0.001-1×10-5 mutations per locus per generation, around the
typical vertebrate mutation rate of 1×10-4 s/l/generation, taken from fig. 3 in
Whittaker et al. (2003) where mutation rates of microsatellites for repeat lengths are
given for mammals. Birds have fewer microsatellites than mammals but characteris-
tics such as length, allele dispersion and range of allele sizes do not vary between
birds and mammals, indicating that mutation rates are comparable (Neff & Gross
2001). For calculation of Ne a generation time of 3 years was assumed.
For mtDNAsequences, the F84 Bayesian model to correct for multiple hits was
used (Kuhner 2006), with the transition/transversion bias set to 33. To test whether
the estimates converged, seven short initial runs were performed, sampling 20–50,000
trees and using default priors ranging between 0.00001-10. In some runs, the autocor-
relation was set to 60 to control for the tendency of mutation rates to "clump", but this
did not affect estimates. The final run had three simultaneous chains, using priors for
θ (q1) set to 100 and for M to 100. Runs were extended until effective sample size for
all parameters was > 50. For µ we assumed a range of possible mutation rates around
2–15% per Myr, which translates into 2x10-8 to 1.5×10-7 per locus per year (our locus
being 512 bp). These estimates include values for shorebirds for Domain I of the
control region (Wenink & Baker 1996) and also the lower mutation rate for sequences
including Domain II (Buehler & Baker 2005). 
Testing for sex-biased dispersal
The Chesser and Baker (1996) model assumes high female and low male dispersal,
which is a common feature in lekking species (Bouzat & Johnson 2004; Francisco et al.
2007; Gibson et al. 2005; Höglund et al. 1999; Lebigre et al. 2008; McDonald 2009;
Regnaut et al. 2006; Segelbacher et al. 2007). In male ruffs, high adult lek site fidelity
has been observed (Emlen & Oring 1977; Widemo 1997). However, migratory males
have shown large flexibility in migration routes, including breeding destinations,
suggesting that dispersal may occur (Chapter 3). Also females might have lower
dispersal than the model assumes (but see Andersen (1948, 1951)). 
63
R
e
d
u
c
t
i
o
n
 
i
n
 
e
f
f
e
c
t
i
v
e
 
p
o
p
u
l
a
t
i
o
n
 
s
i
z
eTo examine dispersal characteristics, sex-biased dispersal was estimated by
comparing population parameters estimated separately with biparental and maternal
markers.To test for sex-biased dispersal, 66 microsatellite genotypes between males
(n = 39) and females (n = 27) were compared, using the biased dispersal option in
FSTAT (Goudet 2001; Goudet et al. 2002). Weir and Cockerham’s θ (Weir & Cockerham
1984) was used as a differentiation parameter as it is more powerful and less sensitive
to the magnitude of sex-biased dispersal (in the Results this θ will be denoted as Fst, to
avoid confusion with the demographic parameter theta (θ)). The FSTAT biased
dispersal tests returns a measure of relatedness (Fst) between samples and a measure
of sub-structuring within samples, which is the Wahlund effect (Fis). Under the
hypothesis that males have high philopatry they should display higher Fst and a
lower Fis than females (Goudet et al. 2002; Prugnolle & de Meeus 2002).
Model for expected ratio Nef:Ne
As we estimated Nef and Ne with the maternally inherited mtDNAmarkers and with
biparentally inherited nDNAmarkers, this would change the ratio Nef:Ne = 1:2 pre-
dicted by Chesser and Baker (1996) to Nef:Ne = 1:4 as mitochondrial markers are
haploid. However, Ne and Nef were calculated using the coalescent in LAMARC as
θ = 2Nef*µ for mtDNAand θ = 4Ne*µ for nDNA, and these equations account for ploidy
differences. Note that the factor two in both equations accounts for the fact that in
coalescent analyses θ is estimated over two branches of the ancestral tree (Kuhner 2006)
(see http://evolution.genetics.washington.edu/lamarc/documentation/forces.html). 
More importantly, the Chesser and Baker model was not constructed for a case with
unequal sex ratios, hence the model needed to be adapted. As adult sex ratio in ruffs
is approximately 40% males to 60% females (Jaatinen et al. 2010; Zwarts et al. 2009),
the expected Nef:Ne under a random mating scenario is 1:(2· 2/3), which is 1:11/3.
Any values lower than 1:11/3 would indicate that male ruffs have a skew in LRS
(Fig. 4.1).
Results
Effective population size
For the maternally inherited control region, θef was 0.029 (95% CI 0.019-0.042). For
biparentally inherited microsatellites, θe was 8.7 (95% CI 3.9-9.6). θef had a unimodal
distribution of posterior probabilities and was very similar to estimates from seven
initial runs (0.029±0.007). Regarding θe, initial shorter runs revealed slightly higher
estimates of 8.97 (±1.86), but multi-modal posterior distributions indicated that run
lengths were insufficient. The final run yielded unimodal posterior probabilities distri-
butions for the overall θe and for the θe for each microsatellite marker. 
To convert θ to effective population size, a range of mutation rates for avian control
region sequence and vertebrate microsatellites was accounted for. Over this range of
mutation rates, the ratio Nef:Ne was just below 1:1 (Fig. 4.2). Note that this comparison
64 Chapter 4is conservative with regard to detecting lower Ne than Nef, as relatively high mutation
rates were assumed for the control region and relatively low mutation rates for
microsatellites. 
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used to calculate Ne.)   Sex-bias in genetic structure
The sex-biased dispersal statistics revealed that relatedness within samples for both
males and females was not significantly different from zero (Fst-males = 0.010 (95% CI -
0.009-0.033; n = 39) and Fst-females = 0.009 (95% CI -0.016-0.045; n = 27). In females, Fis
was significantly different from zero (Fis-females = 0.17 (95% CI 0.07-0.32)), but not in
males (Fis-males = 0.059 (95% CI -0.03-0.12)). 
Discussion
In ruffs, biparental effective population size (Ne) was reduced relative to female effec-
tive population size, indicating that male effective population size (Nem) is reduced.
This is not the first study assessing Ne in a lekking species, but it is the first to detect a
sex difference in Ne. In the Gunnison sage-grouse (Centrocercus minimus), a ground-
lekking bird, Nef and Nem were similar, as the variance in seasonal reproductive
success was almost as high in females as in males, due to a high rate of nest failure
(Stiver et al. 2008). Similarly in the lek-breeding European treefrog (Hyla arborea), no
sex difference in effective population size was found; a weak negative effect of the
mating system was obscured by the much stronger effect of delayed maturity in both
sexes (Broquet et al. 2009). Sexual selection theory states that in lek breeding species
the reduction in Ne of the lekking sex is a consequence of larger reproductive variance
and sexual selection in the lekking sex (Chesser & Baker 1996). Is our finding that ruffs
have a reduced Ne consistent with the lek model and does this imply that in ruffs vari-
ance in male LRS drives sexual selection? 
The observed ratios for Nef:Ne was just below 1:1. Since even the 95% CI for Ne did
not reach the theoretical ratio Nef:Ne = 1:11/3 expected under a scenario of random
mating and 2:3 sex ratio, we reject random mating in ruffs. Note that a scenario of
equal sex ratios the expected Nef:Ne is 1:2. The observed ratio Nef:Ne was below 1:1,
which is not as low as the lek model predicting Nef:Ne = 1:1/3. However, the lek
model assumes high female dispersal (dm = 0.9, Fig. 4.1). Genetic structure analysis
could not confirm a strong female-bias in dispersal, so this assumption might not
apply to ruffs. If on the contrary ruffs had high male dispersal and low female
dispersal, the ratio Nef:Ne would be larger than 1:1 (fig. 2a in Chesser and Baker
(1996)). This would indicate that in ruffs the relative differences between dispersal of
males and females might be smaller than assumed in the model, but that stronger
female dispersal still applies. Indeed, a significant Wahlund effect in females was
found which indicates higher dispersal tendencies in females than in males (Goudet et
al. 2002; Prugnolle & de Meeus 2002). Hence we conclude that the lek model of
Chesser and Baker (1996) assuming more female dispersal and more male philopatry
could apply to ruffs. Note that this does not imply that philopatry in male ruffs is as
strong as in other lekking species; for leks to evolve, male philopatry is not a prerequi-
site because female choice for male aggregation alone is enough (Kokko 1997; Pruett-
Jones & Pruett-Jones 1990). 
66 Chapter 4Ar eduction in male effective population size is partly a consequence of a male skew
in reproductive success, but is also the product of demographical differences between the
sexes. We adjusted the lek model of Chesser and Baker (1996) for a skew in overall adult
sex ratio. Ruffs on a population level have approximately 60% females (Zwarts et al.
2009). Throughout Africa, where the majority of the global population winters, males
contribute 7-52% to the population, e.g. in the Sahel, where 1–2 million of this population
winters (Delany et al. 2009), the proportion of males is 36% (OAG Münster 1996; Zwarts
et al. 2009). Additionally, the female:male ratio in juveniles arriving from the breeding
areas in staging sites is close to 60:40 (Jaatinen et al. 2010). Although the female-biased sex
ratio was accounted for in the model predicting the reduction in biparental effective
population size, a bias of 60:40 could not fully account for the magnitude of the reduction
in Ne. The female-biased sex ratio is itself a likely concomitant of strong sexual selection
in the lek breeding system (Wade et al. 2003; Wade & Shuster 2003).
Evidence for strong reproductive skew in ruffs confirms the intuition of previous
researchers who observed the gigantic investment of some males in dominating the
lek (Hogan-Warburg 1966; van Rhijn 1983, 1991): independent males may display so
intensively that they refrain from eating and drinking, and lose mass throughout the
breeding season (Bachman & Widemo 1999; Widemo 1998) (pers. obs.). Our study
suggests that such investments do pay off in relatively high LRS. Since females have
extensive choice, their preferences largely determine male effective population size in
ruffs. If female choice is directed towards ‘good genes’ then directional selection could
reduce genetic variation even further (Andersson 1994). This means that forces of
sexual selection act strongly on male ruffs.
To generalize our findings, future studies should test whether the observed reduc-
tion in male effective population size in ruffs is a unique feature of lekking species
and/or whether this reduction also occurs in other mating systems. Shorebirds are a
suitable group to test the hypothesis that the strength in sexual selection is related to a
reduction in male effective population size, because a large variation in mating systems
exists in this clade (Piersma et al. 1996; Thomas et al. 2007). In this study, multiple auto-
somal loci and a single mtDNAlocus were suitable markers because in ruffs variation in
mtDNAis not constrained (Chapter 3), however in other species genetic variation in
mtDNAmight be reduced due to genetic sweeps. Future studies should use multiple
unlinked loci on the Z-chromosome instead of a single mtDNAmarker, as suggested
before (Ellegren 2009; Mank et al. 2010; Mank et al. 2010).
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Non-breeding faeder ruffs
Philomachus pugnax associate
according to sex, not morphology
Yvonne I. Verkuil, Joop Jukema, Jennifer A. Gill, Natalia Karlionova,
Johannes Melter, Jos C.E.W. Hooijmeijer & Theunis Piersma 
In this study we aim to test the prediction that the occurrence in space and time of
faeders  (males that are female look-alikes) on ecological grounds should track that of
females. The fraction of faeders was estimated in five morphometric data sets that were
collected over four decades in four different countries in three different seasons
(comprising 9133 ruffs). The regression of faeder–female fractions was tested against the
null model assuming that the number of faeders is 1.0% of females. The fraction of
faeders in catches averaged 1.03%, varying between 0.3% in autumn in the UK up to
0.85% in Sénégal in winter and 1.04% in The Netherlands in spring. On a stopover in
The Netherlands the fraction decreased from 1.3% to 0.7% when the females started to
arrive. At all four spatial and temporal scales the regression of faeder–female fractions
deviated from the null model: we found high fractions of faeders in catches with low
fractions of females, indicating that faeders rather associate with the larger-sized
´normal´ males. Faeders associated with males rather than females, at several different
spatial scales. We suggest that faeders spend the winter, and migrate with, the larger-
sized lekking males, and we propose that any survival costs associated with the use of
suboptimal habitats is compensated by higher reproductive success as sneakers on leks.
A
b
s
t
r
a
c
tIntroduction
Sexual segregation outside the breeding season has been observed in many verte-
brates (Ruckstuhl & Neuhaus 2005). In birds, the different sexes may enhance their
survival by: (1) employing social dominance to exclude the other sex; (2) body size-
specific specialisation and distinct habitat use; (3) optimizing annual schedules, espe-
cially arrival time in the breeding areas (Myers 1981; Ketterson & Nolan 1983; Catry 
et al. 2005). 
Ruffs, Philomachus pugnax, are strongly sexually dimorphic sandpipers in which
the sexes segregate during most of the year. In winter most females occur in East
Africa and southern Africa, whereas many males stay in Europe and West Africa
(Pearson 1981; Gill et al. 1995; OAG Münster 1996). The two displaying male morphs,
which are twice as large as the female, migrate ahead of the females (Jukema &
Piersma 2000) to arrive at the breeding grounds early and establish their positions at
leks (van Rhijn 1991). Males are not involved in breeding and parental care-giving and
leave the breeding areas before the females (Hogan-Warburg 1966; van Rhijn 1973;
Glutz von Blotzheim 1975; Hayman et al. 1986; Lank et al. 1995). Females may take
more easterly or inland migratory routes during northward migration (OAG Münster
1989a; OAG Münster 1989b; OAG Münster 1992; Wymenga 1999; Jukema et al. 2001a;
Karlionova et al. 2007) and do not randomly mix with males at staging sites (Jukema et
al. 2001a; Verkuil & de Goeij 2003). The sexual segregation in wintering and staging
sites suggests that females not only have different migration schedules, but also
distinct habitat preferences (Verkuil & de Goeij 2003).
Recently and rather surprisingly, the ‘faeder’ was discovered, a rare cryptic male
morph with the plumage characteristics and body dimensions of females (Jukema &
Piersma 2004, 2006). Faeders have a slightly different posture than females (Fig. 5.1),
but otherwise cannot be distinguished from females. As they are so similar to females,
we predicted that their use of habitat and their occurrence in space and time should
track that of females. Here we test this hypothesis by looking at the associations
between the relative occurrences of females and faeders at different spatial and
temporal scales: (1) between catching sites throughout Europe and Africa, (2) between
years within a catching site and (3) during the season at a spring stopover site.
Methods
Of the morphometrics routinely collected for ruffs, only wing length shows complete
discrete sexual dimorphism (Jukema et al. 1995; Jukema et al. 2001a; Karlionova et al.
2007). Females have wing lengths of 150 to 170 mm and displaying males 180 mm to
200 mm or more (Glutz von Blotzheim 1975; Jukema et al. 1995; Jukema et al. 2001a;
Jukema & Piersma 2006). Intermediate birds, with wing lengths between 170-180 mm
and with female-like plumage characteristics, were assigned faeder status; molecular
sexing of decent samples of such birds from the Dutch (n = 22) and Belarus (n = 5)
72 Chapter 5migratory populations has confirmed them to be males (Jukema & Piersma 2004;
Karlionova et al. 2007). Molecularly sexing of males and females outside the size range
of faeders confirmed that wing length is a sufficient diagnostic to assign sex and male
type (Jukema & Piersma 2006). 
We analysed five morphometric data sets that were collected over four decades in
four different countries in three different seasons (Table 5.1). Catches of ruffs were
either made with mist nets (in Sénégal, The Wash, UK, and The Netherlands), with
walk-in traps (in Pripyat, Belarus) or with wilsternets, a traditional netting method of
Frisian wilsternetters (province of Fryslân, The Netherlands, Jukema et al. 2001b). In
all data sets, wing length refers to measurements of the stretched but folded wing
measured along a stopped ruler to the nearest millimetre by trained and experienced
observers. 
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Figure 5.1. The faeder (A) can be distinguished from the female (B) by its slightly different posture
and by the slightly bulkier body. Both birds were photographed in late April. Photo courtesy Richard
Chandler. 
Table 5.1. Morphometric data sets used to obtain frequencies of faeders.  
Country Catching locality  Year Season n References
Belarus Pripyat valley 2001-2005 Spring 2225 Karlionova et al. (2007) 
(April-May)
Sénégal Sénégal delta 1985-1988 Winter 1406 OAG Münster (1996)
(November-March)
The Netherlands Fryslân 2001-2005 Spring  3888 Jukema et al. (2001a)
(March-May)
The Netherlands Fryslân 1974-2004 Spring-autumn 1277 Koopman (1986)
(March-November)
United Kingdom The Wash 1963-1985 Autumn 337 Gill et al. (1995)
(July- October)We tested the following hypothesis: assuming that faeders associate with females,
the fraction of faeders in catches increases with an increasing fraction of females. To
examine assumed faeder-female associations, we expressed the number of faeders in
the datasets as a fraction of the number of males and regressed it against the fraction
females/males and log transformed for linearity. We tested this regression against the
null model assuming that the number of faeders is 1.0% of females. In this model, the
(log-transformed) fraction of faeders increases linearly with an increase in the fraction
of females with a slope of 1. Deviations would indicate that faeders actively avoid
females and associate with males.
We tested our hypothesis under four conditions: during the winter, during the
migration season, between years, and over the geographical range of ruffs. The winter
data were collected in Sénégal in 1985 and 1987/88 between November and March.
We analysed the winter data by dividing the data in ten-day periods to provide suffi-
ciently large sample sizes. The migratory dataset consists of nine weeks of spring
catches in southwest Fryslân in 2004 and 2005. Weekly catches ranged from 18 to 342.
There was no correlation between weekly catch size and the percentage of faeders in
catches (F1,18 = 0.03, p = 0.87). As the chances of encountering faeder phenotypes in
small samples are very small, we omitted from the analyses all weeks with catch totals
below 40. The annual dataset included five years of catches in southwest Fryslân
(2001-05). The geographical dataset includes three localities in Europe and one in
Africa (Table 5.1).
Results
The overall occurrence of faeders in the 9,133 ruffs included in the present analysis
was 1.03%. The frequency of faeders in the five datasets varied between 0.3% in
autumn in the UK, 0.85% in winter in Sénégal, up to 1.2% in the long-term Dutch
dataset (Fig. 5.2A). The frequencies in the migratory population in The Netherlands
varied in 2001-05 between 0.7 and 1.3% (Fig. 5.2B), with an average of 1.04%
(47 faeders in 3,888 ruffs). 
In The Netherlands, the weekly percentage of faeders in the catches varied
between 0.4% and 6.3% in 2004, and between 0.3% and 2.1% in 2005. In both years, the
percentage significantly declined over the season (Fig. 5.2C). So as the relative number
of females increased the percentage of faeders decreased. 
At all four spatial and temporal scales, the regression between the fraction of
faeders and females in the catches was tested against the null model assuming that the
relative abundance of faeders follows that of females. On northward stopovers and
among geographical catching localities, the slope of the regression of the fraction of
faeders against the fraction of females deviated significantly from the null model
which has a slope of 1 (Fig. 5.3). 
The data from the wintering area in West Africa and the annually collected Frisian
dataset showed the same trends but the slopes were not significantly different from 1
74 Chapter 5(Fig. 5.3B, C). For the combined data sets, the observed slope was 0.08, with a 95%
confidence interval of –0.09 and 0.25, and thus deviated significantly from the null
model which has a slope of 1, indicating that faeders do not associate with females.
Discussion
The observed frequencies of faeders fluctuated around an overall mean of 1.03%,
which confirms that the faeder is a rare male morph (Jukema & Piersma 2004, 2006).
We found no support for the idea that faeders, being morphologically similar to
females, should associate with females. At all four spatial and temporal scales we
found high fractions of faeders in catches with low fractions of females, indicating that
faeders rather associate with the larger/sized ´normal´ males. This observation was
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Figure 5.2. Frequency of faeders in catches. (A) At four staging and/or wintering sites in Europe and
Africa. See Table 1 for further information. (B) Annual variation in 2001–05 in southwest Fryslân, The
Netherlands, during spring migration. Total numbers of birds with known wing length was respec-
tively 180 (2001), 1031 (2002), 533 (2003), 1461 (2004), and 1301 (2005). (C) Seasonal variation during
spring migration in southwest Fryslân, The Netherlands, in 2004 and 2005. The percentage signifi-
cantly declined over the season (In a model with both year and week entered only week was a signifi-
cant factor R2 = 0.22, t11 = -2.7, p = 0.04).strongest in ruffs of which the migration of males and females is staggered in time
(Jukema & Piersma 2000) and in ruffs across geographical locations. 
Although the proportions of females were not very variable on the final wintering
destination in Sénégal, even here we observed that the fraction of faeders was higher
than expected in periods with relatively low proportions of females. Faeder-lekking
male associations thus extend as far as the West African wintering grounds. If the
sexual segregation of ruffs in winter indeed reflects habitat choice according to body
size (including dominance effects), this would mean that faeders associating with
males compromise winter survival. 
The arrival time hypothesis states that individuals under greater pressure to arrive
early at the breeding grounds winter closer to the breeding grounds, and would best
explain why faeders associate with males during migration (Myers 1981; Ketterson &
Nolan 1983), even if that involves the use of suboptimal stopover habitats. Arriving
early on the breeding grounds when the social relationships on the leks are estab-
lished (Widemo & Owens 1995; Widemo 1997) may lead faeders to have a higher
76 Chapter 5
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Figure 5.3. Correlation between fraction of faeders and females at four different spatial and temporal
scales. The grey line indicates the expected relationship when the relative abundance of faeders is
constant relative to females. For catching localities (a) and season (d), the slopes of the regressions
were significantly different from 1 as the 95% CI did not include 1, being respectively 0.08 (95% CI, -
0.8 to 0.96) and -0.13 (95% CI, -0.53 to 0.27). For year (c) and in Sénégal (b) the slope was not-signifi-
cantly different from 1 as the 95% CI included 1, being 0.07 (95% CI, -0.95 to 1.09) and -0.57 (95% CI,
–2.38 to 1.25). reproductive success than if they would associate with females. We suggest that
faeders, facing a trade-off between non-breeding survival and reproductive success,
err in the direction of reduced survival.
In the four data sets faeders were equally rare, which raises the question of
whether we missed a proportion of faeders because we cannot distinguish them prop-
erly, or because they segregate from both females and males during winter and migra-
tion. We assigned faeders on the basis of wing length measurements. For the Dutch
and the Belarus’ migrants wing length has been proven to be diagnostic (Jukema &
Piersma 2006). Of the ruffs sexed molecularly, only those with wing lengths between
170 and 180 mm and a female plumage were molecular males. No faeders were found
amongst smaller birds with female plumage, and neither did we observe any female
plumage in the larger males that were measured and ringed since the discovery of the
faeder (>2000 individuals, pers. obs.). It also seems unlikely that we missed faeders
because of biases related to observation or catching method. Both in The Netherlands
and Belarus, 700-1200 ruffs have been caught every spring for over five years now,
with two very different catching methods: wilsternets and walk-in traps. In both
areas, catch size varies roughly between 1-50. We do catch female-only flocks, but we
have never observed faeder flocks, which makes it unlikely that they migrate sepa-
rately. 
As discussed by Jukema & Piersma (2004, 2006), faeders are female mimics that
may enact one of three alternative mating strategies: (1) ancestral caretakers, (2) co-
operative satellite-likes, or (3) sneaker males (Sinervo & Lively 1996; Taborsky 1997,
2001; Sinervo & Zamudio 2001). Ancestral males could be thought of as not mating on
a lek and providing parental care, and it is difficult to see why it would be advanta-
geous for them to associate with displaying males. Our finding that faeders associate
with the larger lek-using males is consistent with either of the latter two evolutionary
scenarios. Especially if males would maintain intra-sexual relationships throughout
the year (Widemo 1997), there may be a positive balance between the success of
obtaining fertilizations on the lek and reduced annual survival.
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Spring migration of Ruffs in Fryslân:
estimates of staging duration using
resighting data
Yvonne I. Verkuil, Jan J. Wijmenga, Jos C.E.W. Hooijmeijer &
Theunis Piersma
Seasonal bird migration involves long flights, but most time is actually spent at interme-
diate staging areas. The duration of stay at these sites can be evaluated with mark–
recapture methods that employ day-to-day local encounters of individually marked
birds. Estimates of staging duration are based on two probabilities: the immigration
probability, the complement of a bird’s seniority to an area, and the emigration proba-
bility, the complement of the staying probability. Estimating total staging duration from
seniority and staying probabilities requires validation for resighting data and here we
compare three data categories of ruffs Philomachus pugnax passing through The
Netherlands during northward migration: (1) newly colour-ringed, (2) previously
colour-ringed and (3) radio-tagged ruffs (recorded by automated receiving stations).
Between 2004 and 2008, 4363 resighting histories and 95 telemetry recording histories
were collected. As sample sizes for females were low, only data for males were analysed.
Possible catching effects affecting estimates of staging duration were explored. Staying
probability was estimated for all data. Seniority however, could not be estimated for
newly marked ruffs; the assumption of equal ‘capture’ probability for reverse-time
models applied to estimate seniority is violated for seasonal resighting histories starting
with a catching event. Therefore, estimates of total staging duration were based on
resightings of previously colour-marked birds only. For radio-tagged birds a minimal
staging duration (time between tagging and last recording) was calculated. Modelling
indicated that newly colour-ringed birds had a higher staying probability than previ-
ously colour-ringed birds, but the difference translated to a prolonged staging duration
in newly ringed birds of only 0.4–0.5 d, suggesting a very small catching effect. The
minimal staging duration of radio-tagged birds validated estimates of staging duration
for colour-ringed birds in 2007 but not in 2005. In 2005 a low resighting probability
resulted in underestimates of staging duration. We conclude that (1) estimates of staying
probability can be affected by catching although effects on staging duration might be
small, and that (2) low resighting probabilities can lead to underestimates in staging
duration. In our study previously ringed ruffs resighted in 2006–08 yielded reliable esti-
mates of staging duration as data had sufficiently high resighting probabilities. Average
staging durations varied between 19 d in 2008 and 23 d in 2006. 
A
b
s
t
r
a
c
tIntroduction
During bird migration, periods of rest and refuelling are punctuated by flight
episodes (Piersma 1987). Therefore, the total duration of migration is not so much
determined by the flight time as by the time in preparation of these flights, the staging
duration (Hedenström & Alerstam 1997, Hedenström 2008). The use of colour-rings
and radio telemetry, and the development of statistical tools, have enabled better
estimations of staging duration and turnover at (re-)fueling sites (Kersten & Smit 1984,
Nebel et al. 2000, Schaub & Jenni 2001, Schaub et al. 2001, Battley et al. 2004, Ydenberg
et al. 2004, Rice et al. 2007, Salewski et al. 2007, Bächler & Schaub 2007). At a staging
site there is a constant flux of birds entering the site and birds that leave (Schaub et al.
2001). This means that counts cannot be used directly to infer population size and
turnover. When individual staging duration is taken into account, however, numbers
using a site can be estimated (Bishop et al. 2000, Frederiksen et al. 2001, Ydenberg et al.
2004, Lee et al. 2007). 
From 2004–08 we studied the staging ecology of ruffs Philomachus pugnax in
Fryslân, The Netherlands (Jukema & Piersma 2000, Jukema et al. 2001a, Verkuil & de
Goeij 2003). With 1000s of birds observed, this area ranks amongst the larger known
staging areas of ruffs in Europe (Wymenga 1999). The ruff is a gregarious, strongly
sexually dimorphic shorebird whose reproductive behaviour has been well studied
(Hogan-Warburg 1966, van Rhijn 1991, Lank et al. 1995, Widemo 1997, Lank & Dale
2001, Jukema & Piersma 2006), but relatively little is known about migration behav-
iour and demography (but see OAG Münster 1989, 1992, Melter & Bergmann 1996,
Jukema & Piersma 2000). Ruffs breed in temperate to arctic areas ranging from Western
Europe to as far east as Eastern Siberia (Zöckler 2002). Although most birds winter in
the Sahel and the savannahs of eastern Africa and in India (Zwarts et al. 2009), a small
proportion of males remain in NW Europe during winter (OAG Münster 1996). 
In this paper we use three separate data categories to estimate staging duration: (1)
newly colour-ringed ruffs, (2) previously colour-ringed ruffs returning to the area, and
(3) telemetry data of newly radio-tagged ruffs (Table 6.1). Based on our exploration of
these categories, we present a design for using capture–resighting statistics to estimate
staging duration in colour-ringed birds with long stopovers. Following Warnock
(2009) we choose to use the term staging duration rather than stopover duration to
emphasize that the time period is much larger than the few days stopovers in song-
birds. Estimates for staging duration were obtained by adding up the staying time, the
time that a bird would remain in the study area after Timei, and the seniority, the esti-
mated time the bird was already present before Timei (Schaub et al. 2001, Schaub et al.
2004). Staying and seniority probabilities (their complements are the emigration and
immigration probabilities) are estimated using survival analysis (Schaub et al. 2001).
Birds are caught and colour-ringed, and estimates of staging duration are made based
on local resightings within the same season (Kersten & Smit 1984, Ydenberg et al.
2004). Yet, seniority, which is part of staging duration, can only be calculated using
individuals marked in previous years, because the assumption of equal ‘recapture’
80 Chapter 6probability for reverse-time modelling is violated when the encounter history starts
with a catching event (Table 6.1). In our study system, we individually colour-marked
more than 4500 individual ruffs over five successive spring seasons, many of which
returned the following years. The first encounter of returning marked birds in the new
migration season is not a catch but a resighting. We were also able to compare data of
returning colour-ringed ruffs (marked in Yeari–1) with newly colour-ringed ruffs
observed in Yeari of colour-ringing which allowed us to investigate the extent and
strength of a possible catching effect on the staying probability. 
The capture–resighting models estimate the resighting probability that should be
independent of marking technique (Bächler & Schaub 2007, Salewski et al. 2007).
However, the resighting probability in colour-ring studies can be very low. This
problem can be overcome with radio-tags, which give much higher reporting proba-
bilities. Radio-telemetry, however, is costly and potentially more invasive to the birds.
It certainly does not allow for large sample sizes to be accumulated over years. We
applied radio-tags to a small subset of male ruffs to verify the accuracy of estimates
from colour-ring resighting data.
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Reverse time modelling
γ
Duration of stay before E
CJS 'capture-recapture' modelling
Duration of stay after encounter (E)
E
α
Table 6.1. Overview of possible estimations (+) of staging duration in Yeari for the three data cate-
gories collected at staging location for ruffs in The Netherlands. Notation is according Schaub et al.
(2001): ‘α’ is staying probability as used to estimate duration of stay after encounter ; ‘γ’ is seniority proba-
bility as used to estimate duration of stay before encounter’; staging duration, the total time present at
given time interval, is the sum of duration of stay before encounter and duration of stay after encounter.  
Data category Stateb Duration of stay Duration of stay Staging duration 
after encounter before encounter (duration of stay
Staying Seniority before  encounter +
probability probability duration of stay
(α)( γ) after encounter)
Radio-tagged in Yearia 2+ - -
Colour-ringed in Yearia 2+ - -
Colour-ringed in Yearj< ia 1 +++
aYeari refers to newly colour-ringed or newly radio-tagged birds; Yearj<i refers to previously colour-ringed birds. 
bFor model selection, previously marked (in Yearj<i) and newly marked (Yeari) birds are assigned different states,
‘state 1’ and ‘state 2’.Methods
Study area and data collection
This study was carried out at the main western European spring staging area
(Wymenga 1999). During spring and autumn migration, ruffs use the south-western
part of the province of Fryslân, The Netherlands, to moult and refuel (Jukema et al.
1995, Verkuil & de Goeij 2003). The study area consists of grasslands intensely
managed for dairy farming, and the borders of Lake IJsselmeer. The area covers 
c. 400 km2 (Fig. 6.1). During 2004–08 staging ruffs were studied over the entire
passage periods, from the first week of March until late May. Catches were made on
all days except Sundays with traditional ‘wilsternets’, a c. 20 m long and 3 m high clap
net. The net was laid out on grassland used by foraging ruffs and the wilsternetters
used a flock of stuffed ruffs as decoys to lure the birds near the net (Jukema et al.
2001b, Piersma et al. 2005). Each captured ruff was marked with a unique combination
of four colour rings and a coloured ‘flag’. ruffs foraged in the morning and afternoons
on the grasslands and roosted at the shores of Lake IJsselmeer and along smaller lakes
for a few hours at midday and at night (unpubl. data) where they were checked daily
for colour rings using binoculars and telescopes. Our resighting effort of colour-ringed
birds was more or less constant between 15 March and 20 May and covered all known
foraging and roosting sites in the study area (Fig. 6.1). 
Additionally, radio transmitters (BD2 transmitters, with 11 weeks guaranteed
battery life time, Holohil Systems Ltd. Carp, Ontario, Canada) were issued in 2005 and
2007 to 48 and 47 adult males, respectively. The transmitters weighed 1.8 g, at most 1%
of the body mass of an adult male, and were glued to the clipped feather base and skin
on the plateau below the spine on the lower back using Bison® Super Glue Gel. The
transmitters would fall off at the summer body moult. Individuals selected for tagging
were on average 1.9 g heavier than the average population (unpubl. data). In both
seasons a single transmitter was used to test equipment. These test transmitters lasted
at least 10 weeks, indicating that battery life covered the migration period easily. 
Automated receiving stations (ARTS) were placed close to the nine known
roosting sites, covering the vast majority of ruffs in the study area (Fig. 6.1). The ARTS
were scheduled to collect four signals per individual at 20 min intervals, 24 hours a
day. An individual was considered present if at least 3 out of 4 recordings gave a
signal 1.5× stronger than the ‘noise’ (Green et al. 2002, Rogers et al. 2006). The ARTS
recordings were collected between 25 March and 1 June each year. Minimal staging
durations, the time interval between the day of tagging and the last day of recording,
were calculated for each individual. 
On the basis of this material we explore (1) catching effects (a comparison of
staying probabilities between previously and newly captured birds), (2) age effects, (3)
the occurrence of transients (transients are observed only once and therefore have a
zero staying probability after an encounter at Timei), and (4) the effect of encounter
method (resightings vs. radio-detection) on resighting probability and estimates of
staging duration.
82 Chapter 6Encounter histories
We collected individual encounter histories spanning a 52 day period (25 March until
15 May). In southwest Fryslân most ruffs arrive after 15 March, and by 15 May 99% of
the birds usually have left, thus our 52 d study period encompasses most of the migra-
tion. Ruffs still present in June, and ruffs ringed at catching localities outside the core
area that were not intensively searched (Fig. 6.1) were excluded from the analyses.
Since sample sizes for females were very low, females were also excluded from the
analyses. In 2004, 2005, 2006, 2007 and 2008, we obtained 855, 788, 1052, 924, and 744
encounter histories of colour-marked male ruffs, of which up to 56% had been colour-
ringed in a previous year. For radio-tagged ruffs we collected 42 encounter histories in
2005 (four faeders – female mimics (Jukema & Piersma 2006) – were excluded from
the analyses and two birds were found dead soon after release). In 2007 we obtained
47 encounter histories. Ruffs still present after 15 May were left out of the analyses as
they probably were part of either the relict local breeding population or non-breeders
who ‘summer’ in the region (in grey in Fig. 6.2). As capture–recapture methodology
requires the number of encounter intervals to be lower than the number of encounter
histories, the data were pooled per two day intervals to reduce number of intervals to
26. For comparison, and since observations were only made 6 days per week, the
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Figure 6.1. The study area in south-
west Fryslân, The Netherlands.
Indicated are the main roosting sites
used by the staging ruffs. Black
circles indicate the roosts where the
automated receiver stations (ARTS)
tracking the radio-tagged ruffs were
placed. The box indicates the core
study area (comprising c. 200 km2)
where roosts and feeding grounds
were searched daily for colour-
marked individuals and where the
majority of catching sites was situ-
ated. 84 Chapter 6
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42: Y7WRWW
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Figure 6.2. Encounter histories of the radio-tagged adult male ruffs staging in southwest Fryslân, The
Netherlands during northward migration in spring in 2005 (A) and 2007 (B). Black symbols indicate
ARTS recordings. Dashed symbols indicate the last encounter by observers using hand-held
receivers. Open symbols indicate faeders (female mimics). The round symbol indicates a colour-
ringed resighting of a radio-tagged individual. Radio-tagged individuals left out of the analyses are
indicated in grey.encounter histories of the colour-ringed birds were pooled in 2-day intervals as well.
Pooling has the additional advantage to reduce the number of parameters in the
models (White & Burnham 1999). 
Survival analysis to estimate staging duration
Mark–recapture models have been developed to estimate survival (White & Burnham
1999). The global model usually applied is Φtpt , where ϕ is the apparent survival
probability, p is the resighting probability and t is time. Here we use mark–recapture
models to estimate staging duration (Schaub et al. 2001). In the Schaub method, t is
day and the ‘survival’ parameter Φ is the staying probability, the equivalent of day-to-
day survival. During staging we assume mortality to be zero and hence true survival
to be one. The staying probability (Φ) is the probability that an individual present in
the population at Dayi will remain in the study area until Dayi+1, which is the comple-
ment to the departure or emigration probability (1–Φ). To estimate total staging dura-
tion, seniority must be estimated also. Seniority (γ) is the probability that an individual
was already present at the site on Dayi–1; the complement to seniority is arrival or
immigration probability (1–γ). It is calculated by reversing the encounter history
(reverse-time modelling; Schaub et al. 2001). γ is related to the proportion of new indi-
viduals in a time interval; if the fraction newly recruited individuals is large, then the
average seniority of birds in the interval is small. Note that encounter histories can not
be reversed when the assumption of equal capture rates for each interval is violated
(see next section for further explanation). The staying probability Φ was estimated
with the Cormack-Jolly-Seber models (CJS models, Lebreton et al. (1992)) or variations
of this basic model structure. The seniority probability γ was estimated with the
Pradel recruitment method (Pradel 1996). To calculate the total staging duration, we
used the program SODAwhich estimates the duration of stay before encounter, using
γ, and the duration of stay after encounter, using Φ (Schaub et al. 2001).
Estimating staging duration by resightings 
We collected three kinds of data that yield encounter histories (Table 6.1). The first
data category consisted of the newly colour-marked males of all ages that were
released with colour-marks in Yeari. The emigration probability of these birds could be
affected by catching and handling. In each year this data category contained sufficient
second-calendar years to test for a possible age affect. The second data category
consisted of previously ringed birds: resighted in Yeari but marked earlier in Yearj<i;
all birds are adults and these previously ringed birds were not affected by catching
and handling. The third category is the ARTS data set of radio-tagged adult males
released and recorded in Yeari (2005 and 2007). We used the staging duration of the
radio-tagged birds ringed in the first two catching cohorts (caught before 2 April) as a
minimum estimate of staging duration.
The staying probability can be estimated for all birds. However, the seniority prob-
ability, and hence total staging duration, can only be estimated for previously ringed
birds as only for these birds all encounters are resightings. Encounter histories of
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lation of seniority within the same season is not possible as the assumption of a
constant recapture probability is violated. In reverse-time modelling the last interval
in the reverse encounter history would lead to a catching event, which has an other
probability than a resighting. For estimations we used the programs E-SURGE version
1.4.6, M7.2 (Choquet et al. 2009b), MARK version 4.3 (White & Burnham 1999) and
SODAhttp://esapubs.org/Archive/ecol/E082/008/suppl-1.htm (Schaub et al. 2001). 
Testing goodness-of-fit 
To test the goodness-of-fit (GOF) of the data to the CJS models, U-CARE version 2.3,
M7.2 was used (Choquet et al. 2009a). For the colour-marked birds, the global GOF
test for the most complex model was not significant (χ2874= 870.41, p = 0.528, ^ c = 1),
indicating good fits. The subtests detected an apparent transients effect in previously
ringed birds in 2006–08 (Table 6.2). When we left out the few individuals that were
resighted very frequently (over 5 times), this transients effect disappeared. We there-
fore consider the apparent transients effect a consequence of somewhat stronger
encounter heterogeneity in 2006–08, and excluded the possibility of transients in our
migratory population which is supported by the resighting histories of the radio-
tagged ruffs (Fig. 6.2). We conclude that our data fit sufficiently to use the CJS model
as a starting model. 
For the radio-tagged ruffs a general lack of fit was indicated by the significance of
the global test (χ272= 181.63, p <0.001, ^ c = 2.52). The overdispersion was due to trap-
dependence (Table 2). Individuals encountered at t had a higher probability to be
encountered at t+1 than individuals not encountered at t. To account for this trap-
dependence we transformed the dataset in U-CARE, and used this decomposed
dataset modelled for trap-dependence in E-SURGE. 
Model selection
The capture–resighting data and the radio-tagging data were analysed separately to
avoid missing data issues for the years without radio-tagging. To simplify model nota-
tion, previously marked birds are referred to as state 1 and newly marked (ringed or
radio-tagged) birds as state 2. To test for effects of date (t), year (y), age (a) and state (s)
on the staying probability Φ, we examined all hypotheses on additive and interactive
effects of these four parameters. This resulted in 37 models to be tested for colour-
ringed birds and 13 models for radio-tagged birds (which contained only adults and a
single state, state 2). 
In staging areas with seasonally peaked abundances, the emigration probabilities
will increase over the season; this makes Φ date-specific (t). In this study the number
of observers increased each year leading to an increase in resighting rates; this makes
p year dependent. Hence the model Φtpy was considered the biologically relevant
initial model. Subsequently several models with additive and interactive effects
between date and year were tested. Next, the interactive effects of age and state
(Φ(t+y).a or Φ(t+y).s) were considered. Also models that assumed age and state effects to
86 Chapter 6be additive to the year and date effect (Φt+y+.a+s) were considered. And it was exam-
ined how sensitive the supposed effects of state and age on staying probability were to
differences in resighting probabilities between these groups, by examining various
models with interactive and additive effects of the four parameters (e.g. pt.y.(s+a),
p(t.y)+s+a). As there were no young birds in the state ‘previously ringed’, the interac-
tion between s and a could not be estimated.
The candidate models were ranked according to the modified Akaike Information
Criterion (AIC), and corrected for c values of the global models to account for overdis-
persion and sample size (QAICc) (Burnham & Anderson 1998). 
As the bootstrapping procedure in SODAwas run for each year separately, model
selection was repeated for each year. SODAalso estimates the time present before
encounter, so we needed to select models for both Φ and γ. For all years, except 2005,
the most parsimonious models were Φtpt and γtpt. In 2005 the resighting probability
was constant, with Φtp and γtp being the most parsimonious models. 
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Table 6.2. Goodness-of-fit test results for the global model, Φ(t)p(t), for three data categories with
encounter histories of ruffs staging at a spring staging site in The Netherlands. Radio-tags were
applied to adult males, and colour rings (CLR) to males of all ages. Previously ringed individuals
were ringed in Yearj<i and not recaptured but only resighted in Yeari. Newly ringed and radio-tagged
ruffs were ringed in Yeari. Newly ringed males are divided in adults and second-calendar year males
(2cy). n is the number of individual encounter histories.   
Dataset/year χ2transient df P χ2trapdependence df P
1a. Newly ringed CLR (adults):
2004 (n = 752) 12.97 17 0.738 22.76 19 0.248
2005 (n = 549) 20.98 17 0.227 25.88 21 0.142
2006 (n = 526) 24.12 19 0.192 21.83 21 0.410
2007 (n = 409) 18.41 19 0.495 12.70 20 0.890
2008 (n = 294)  32.68 19 0.026 14.65 20 0.796
1b. Newly ringed CLR (2 cy):
2004 (n = 103) 7.53 8 0.480 0.62 10 0.999
2005 (n = 116) 16.79 10 0.079 5.49 10 0.856
2006 (n = 65) 11.66 11 0.390 6.01 13 0.946
2007 (n = 64) 1.95 9 0.992 3.04 11 0.990
2008 (n = 43) 1.87 5 0.867 2.78 7 0.904
2. Previously ringed birds:
2005 (n = 113) 9.08 14 0.826 10.42 14 0.731
2006 (n = 461) 33.85 21 0.038 32.35 22 0.072
2007 (n = 451) 65.35 18 <0.001 25.09 19 0.159
2008 (n = 437) 69.51 18 <0.001 30.71 18 0.031
3. Radio-tagged birds: 
2005 (n = 42) 1.15 3 0.764 76.47 17 <0.001
2007 (n = 47) 1.95 4 0.745 81.52 17 <0.001Estimates of staging duration
In SODA, for each of the 26 time intervals within each year, 300 estimates for duration
of stay before encounter (for previously ringed birds only) and duration of stay after
encounter (for each method in each year) were obtained by bootstrapping (Schaub et al.
2001). As the estimates converged at 200 iterations after testing 50, 100, 200 iterations,
the number of iterations was set safely to 300. The estimates obtained followed a
normal distribution. In all years the intervals 20–26 (4–15 May) had less than 10
resightings and to prevent overestimating total staging duration, all estimates for the
period from 4 May onwards were left out (Morris et al. 2006). 
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Table 6.3. Model selection for staying and resighting probabilities of colour-ringed male ruffs at a
spring staging site in The Netherlands, with respect to date and year (2004–08), age (second-calendar
year and adult) and data category (state, newly and previously ringed). See Fig. 6.3 for graphical
representation of parameter differences in estimations of Φ. To lead the eye, the initial models
including date and year only are indicated with *. Indicated are the deviance, the number of estimated
parameters in the model (NP), QAICc, ∆QAICc and QAICc weights.   
Model NP Deviance QAICc ∆QAICc QAICc weight
Φt+y+a+s p(t.y)+a 158 25170.1 25493.2 0.00 0.42
Φt+y+a p(t.y)+a+s 158 25171.5 25494.6 1.46 0.20
Φt+y+a+s p(t.y)+a+s 159 25169.7 25494.9 1.69 0.18
Φt+y+a+s pt.y 157 25174.7 25495.8 2.58 0.12
Φt+y+a pt.y 156 25178.7 25497.6 4.42 0.05
Φt+y+s pt.y 156 25180.4 25499.3 6.14 0.02
*Φt+y pt.y 154 25186.6 25501.4 8.18 0.01
Φt+y p(t.y)+a+s 157 25184.0 25505.0 11.82 0.00
*Φt pt.y 150 25199.6 25506.0 12.81 0.00
Φ(t+y).s pt.y 184 25139.3 25517.0 23.78 0.00
v(t+y).a pt.y 184 25160.6 25538.2 45.05 0.00
Φt+y+a+s pt.y.s 254 25038.6 25565.1 71.97 0.00
*Φt.y pt.y 239 25088.3 25582.7 89.56 0.00
Φt+y+a+s pt.y.a 268 25048.7 25605.4 112.23 0.00
*Φt.y pt+y 154 25468.4 25783.1 289.94 0.00
*Φt+y pt+y 59 25730.7 25849.7 356.51 0.00
*Φt py 31 25954.6 26016.9 523.75 0.00
*Φt p2 5 26226.8 26276.9 783.77 0.00
Applied are multistate logit models corrected for the number of parameters and with state transition set to zero. 37
models were tested; only the 18 most parsimonious models are shown. Model notation: ‘Φ’ staying probability, ‘p’
resighting probability, ‘t’ 26 time intervals of two days each, ‘y’ study years, ‘a’ age groups, and ‘s’ state: 0 = not
encountered, 1 = encountered and previously ringed, 2 = encountered and newly ringed. No transitions between
states were allowed.Results
Encounter rates
In newly ringed and previously ringed ruffs, the proportion of individuals resighted
after the initial catch or after the initial resighting after returning was not significantly
different (χ2
3= 4.77, p = 0.11), being 22% in 2004, 26% in 2005, 47% in 2006, 43% in 2007
and 36% in 2008. The most parsimonious model did not include the state parameter
(s) in the resighting probability (p) term (Tables 6.1 and 6.3), indicating that p was not
significantly different between newly ringed and previously ringed ruffs. Over the
2-day intervals p was on average 0.14 for all birds. For adult males only, mean p over
all 26 time interval was 0.11 (95% CI 0.03–0.19) in 2004, 0.13 (0.02–0.21) in 2005, 0.17
(0.13–0.22) in 2006, 0.15 (0.12–0.18) in 2007, and 0.15 (0.09–0.21) in 2008. 
The proportion of radio-tagged birds re-encountered after release was 99%; only
one individual was never reported and many individuals were recorded daily
(Fig. 6.2) and often several times per day. The resighting probability over the 2-day
intervals was 0.67 (0.61–0.71) in 2005 and 0.80 (0.75–0.83) in 2007; the difference
between the years was significant (Table 6.4). This is most likely a consequence of
birds spending more time at the roosts during day-time in 2007 compared with 2005
(unpubl. data).
Staying probabilities and catching effects
The staying probability Φ of the colour-ringed birds varied significantly with date,
year, state (newly or previously marked) and age (Table 6.3). The additive models
including year and date (Φy+t) were more strongly supported than the interactive
models (Φy.t) (Table 6.3). This indicates that there were annual differences in the
overall staying probabilities, but no annual differences in the seasonal pattern of
emigration. The staying probability declined with date, which means that emigration
rates increased over the season (Fig. 6.3).
By comparing newly colour-ringed with previously ringed ruffs, we detected indi-
cations of a catching effect on staying probability (Table 6.3, Fig. 6.3). The model sepa-
rating the two states (newly or previously ringed) had a better fit, although the
confidence intervals of the estimates overlapped (Fig. 6.3B). Throughout the season,
the newly ringed adults had on average a 1.9% higher staying probability than the
previously ringed adults. The radio-tagged adult males had on average 9.4% higher
staying probabilities than the previously ringed adult males, and this probability did
not vary between years (Table 6.4). 
Each year approximately 15% of newly caught males were second-calendar year
males. That models including age fitted better (Table 6.3) suggests a significant age
effect. The second-calendar year birds had a 4.9% higher staying probability than
newly caught adults and 6.9% higher staying probability than returning adults (Fig.
6.3), which means that young males had a 4.9% longer staging duration than adults
and that the catching and handling effect increased staging duration with 2%.
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The average total staging duration of colour-ringed birds in 2006 was 23.2 (± 2.8) days,
21.1 (± 3.0) d in 2007 and 18.5 (± 3.9) d in 2008. The estimated duration of stay before
encounter increased over the season and duration of stay after encounter decreased as the
season progressed (Fig. 6.4). In 2005, the staging duration estimate was very low (14.0
± 3.5 d). Especially the estimates of time before encounter were considerably lower than
in other years, while the time after encounter fell within the distribution of the other
years. In contrast, minimal staging durations of radio-tagged birds were similar in
2005 and 2007 (see below). The low resighting probability and low sample size in 2005
may have created a false signal of recruitment and hence an underestimate of the
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Figure 6.3. (A) Seasonal changes in staying probability (Φ) for four different groups: newly radio-
tagged adult males, newly colour-ringed (CLR) second-calendar (2cy) year males, newly colour-
ringed adult males, and previously colour-ringed adult males. 95% CIs are calculated over years.
(B) Differences in staying probability between the four groups as obtained from the most parsimo-
nious models using the program E-SURGE. 95% CIs are mean intervals given by the model for each
time interval. Data meeting the requirements to estimate the total staging duration (see text) indi-
cated in dark grey.91
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Table 6.4. Model selection for staying and resighting probabilities of radio-tagged male rRuffs at a
spring staging site in The Netherlands, with respect to date and year (2005 and 2007). See Fig. 3 for
graphical representation of parameter differences in estimates for Φ. Indicated are the deviance, the
number of estimated parameters in the model (NP), QAICc, ∆QAICc and QAICc weights.   
Model NP Deviance QAICc ∆QAICc QAICc weight
Φt py.m 32 1357.5 1423.0 0.00 0.72
Φt+y py.m 33 1357.4 1425.0 1.96 0.27
Φt+y p(t+y).m  61 1306.9 1434.2 11.23 0.00
Φt.y py.m 59 1313.2 1436.2 13.19 0.00
Φt pm 31 1373.9 1437.3 14.25 0.00
Φt pt.m 57 1318.8 1437.4 14.44 0.00
Φt+y pt.y.m 85 1264.8 1445.2 22.23 0.00
Φt.y pt.y.m 102 1226.7 1446.0 22.95 0.00
Φy pt.m 32 1409.1 1474.6 51.58 0.00
Applied are trap-dependent logit models assuming an interactive trap-effect, corrected for the number of parame-
ters. 13 models were tested; only the nine most parsimonious models are shown. The models assuming an additive
trap effect had very low rankings and are not shown. Model notation: ‘Φ’ staying probability, ‘p’ resighting proba-
bility, ‘t’ 26 time intervals of two days each, ‘y’ study years, ‘m’ trap-dependence. .
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Figure 6.4. Estimates of staging
duration of male ruffs at a
spring staging site in The
Netherlands between 2005–08.
Based on resightings of ruffs
marked in a previous year.
Estimates (mean ± 95% CI of
bootstrap estimates) were
obtained by running 300 itera-
tions per interval in the program
SODA. (A) Duration of stay
before encounter estimated with
the seniority probability (Φ);
(B) Duration of stay after
encounter as estimated with the
staying probability (γ). Note that
95% CI’s are very small, except
in 2005.seniority. We conclude that in 2005 time before encounter was underestimated due to the
low resighting rates and low samples size and we consider estimates of total staging
duration obtained from colour-ringed birds in 2005 unreliable. 
Minimal staging duration of radio-tagged birds was not significantly different
between years (F1,82 = 0.71, p = 0.40); however, the interaction between tagging cohort
and year was significant (F3,82 = 2.65, p = 0.05) with minimal staging duration esti-
mates in the first two cohorts being higher in 2005 than in 2007 (Fig. 6.5). We consider
the staging duration of the first cohorts to be a close approximation of the total staging
duration as birds were tagged soon after arrival. The staging duration of these first
cohorts was 24 days in 2005 and 19 days in 2007 (Table 6.5, Fig. 6.5).
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Table 6.5. The minimal staging duration of radio-tagged ruffs (mean ± SD), which is the time interval
between the day of tagging and the last day of recording as presented in Fig. 6.2. The minimal staging
duration is given for three groups. The birds tagged before 2 April are supposed to belong to the first
arrival cohort. N is sample size.    
Tagging group 2005 n 2007 n
All tagged birds 21.1 ± 11.3 42 19.1 ± 9.7 47
All but summer birds 19.2 ± 9.2 39 18.5 ± 9.1 46
Tagged before 2 April 24.2 ± 8.7 20 19.2 ± 11.3 22Discussion
We explored possible catching and handling effects on staging duration of staging
ruffs in The Netherlands. Models allowing newly and previously colour-ringed birds
to have different staying probabilities had better fits (Table 6.3) and subsequent
comparison of model estimates showed that the staying probability was highest in
newly ringed and radio-tagged ruffs (Fig. 6.3). However, as the confidence intervals
overlap (Fig. 6.3) it remains to be seen whether these differences are relevant. Here we
explore what our findings would mean for staging duration if true. Model estimates
indicated that staging durations of newly colour-ringed adult males were 0.4–0.5 days
longer than birds ringed in previous years. This longer time span might represent the
time needed to recover from capture and handling and given the average total staging
duration of 18.5–23.3 days this cost is rather small. The second-year birds would stay
1.0 days longer than adults, which is biologically relevant as younger, inexperienced
birds might need more time to accumulate new body stores. 
The 9% difference in staying probability between adult males radio-tagged in Yeari
and adult males colour-ringed in Yearj<i, would translate in an estimated prolonging
of the staging duration by 1.8–2.3 d. Subtracting the value we found above for the
time cost of capture and handling indicates that the effects of the radio would add
1.4–1.8 d to the staging duration. Is there any indication why radio-tagged birds
would increase their staging duration more than colour-ringed birds? The weight of
the tag added only 1% to the adult males’ body mass and we do not expect them to
compensate for this weight gain. However, radio-tagged birds were brought to the
field station to be processed and thus were handled for longer than birds that only
received colour-rings who were mostly processed in the field. We suggest that this
longer time-lag between catching and release could lead to a longer staging duration.
In dunlin Calidris alpina on northward migration a similar effect was found when the
length of stay at marking sites was compared with more northerly staging sites
(Warnock et al. 2004). However, part of this particular variation might be attributed to
faster migration later in spring and/or a much lower probability to re-encounter a
bird during later stages of migration (Warnock et al. 2004). In summary, the detected
catching effects were very small and might be insignificant to ruffs.
As we did not find significant transient effects in the newly ringed birds, captured
ruffs did not seem to emigrate from the catching area soon after the event (Table 6.2).
We did not find indications for higher mortality rates in newly ringed birds or radio-
tagged birds either. The staying probability Φ is a parameter with two components:
the site fidelity, Φf, the probability to remain in the study area, and the true survival
Φs. Ahigh mortality rate of new catches (a low Φs) can not be detected when it is
obscured by a extended staging duration of survivors (a high Φr). However, the
proportion of birds resighted after the first encounter was equal in newly and previ-
ously ringed ruffs, and 99% of the radio-tagged males were detected after release,
which suggest that mortality due to catching was low for colour-ringed and radio-
tagged ruffs. 
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of staging duration by comparing data categories of colour-marked and radio-tagged
ruffs. Firstly, we want to stress that when applying the method implemented in SODA
to estimate the time before encounter, resightings of newly captured birds have to be
omitted at each time interval, as the encounter history cannot contain different
encounter methods with different probabilities (Schaub et al. 2001). If newly marked
individuals are not excluded, they create a false signal of recruitment or immigration
in the population, which will lead to an unreliable estimates of the seniority proba-
bility. This implies that for analyses of staging duration using resightings, newly
marked birds cannot be used. However when after initial capture, the subsequent
encounters are captures as well, there is no problem (Schaub & Jenni 2001, Schaub et
al. 2004). 
Secondly, we confirmed with empirical data that estimates of staging duration are
sensitive to a low resighting probability, which is in line with a sensitivity analysis for
a general case (Calvert et al. 2009). In 2005, the sample size of 113 previously colour-
ringed birds was insufficient to yield reliable estimates of seniority, which led to low
estimates of the duration of stay which were incongruent with telemetry data. In 2007,
when p had increased, the colour-ring data yielded estimates that were comparable to
other years and to the telemetry data. One of the basic assumptions of capture–recap-
ture analyses is that the resighting probability should not affect estimates of Φ and γ.
Note that it has been suggested before that very large sample sizes are required to
overcome a low resighting probability (Sandercock 2003, Calvert et al. 2009).
The methods as implemented in the software SODA(Schaub et al. 2001) and the
MARK and E-SURGE model selection (White & Burnham 1999, Choquet et al. 2009b)
are useful for ecologists to estimate staging duration, but have their shortcomings.
SODAdoes not yet allow for capture–recapture models that incorporate strong hetero-
geneity in encounter rates that is not due to transients but to variance in ‘trap-happi-
ness’. Another problem is that SODAassumes a normal distribution of staging
durations and when staging duration follows alternative distributions this may result
in large overestimates (up to 100%) (Efford 2005). However, as shown by an extensive
sensitivity analysis on red knots Calidris canutus, the Schaub method is relatively
insensitive to different cohorts within the passage population and estimates of staging
duration were fairly robust between scenarios (Gillings et al. 2009). 
We therefore conclude that (1) estimates of staging duration can be affected by
catching, ringing and radio-tagging, and that (2) low resighting probabilities can lead
to underestimates in staging duration. For our study system, we conclude that the
colour-mark data of the previously ringed ruffs from 2006–08 yield biologically reli-
able estimates of staging duration as the data had sufficiently high resighting proba-
bilities to meet the available mark–recapture model assumptions and estimates were
not affected by catching/handling.
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Individual and population-level
evidence for a large-scale,
within-generation shift in a
shorebird migration route
Yvonne I. Verkuil, Natalia Karlionova, Eldar N. Rakhimberdiev,
Joop Jukema, Jan J. Wijmenga, Jos C.E.W. Hooijmeijer,
Pavel Pinchuk, Allan J. Baker & Theunis Piersma
In most migrant birds, young perform their first migration independently of adults. The
presumed dearth of learning opportunities has been linked to a lack of fast adaptive
change in migration routes. Here we describe the first example of an adaptive route
change within a generation of a migratory bird. Ruffs (Philomachus pugnax) migrating
from West Africa to Fennoscandinavia and Russia via The Netherlands, shifted to alter-
native staging areas, after staging performance was compromised. Between 2004-08,
4,363 males were tracked by individual colour-ringing and partly, by radio-tags.
Between 2004-08, 145 individuals previously colour-ringed in The Netherlands occurred
increasingly eastwards, as far as the next major staging site, 1500 km east in Belarus.
This individual flexibility correlated with a new April cohort of 20,000 migrants
appearing in Belarus. Capture-resighting methods revealed that individual length of
stay of the Dutch migrants declined from 23 to 19 days between 2005-08. Population
estimates adjusted for the length of stay corroborated the decline Dutch migrants by
15,000 individuals. The Dutch migrants declined twice as fast as the European breeding
populations. From 2001-08, mass gain rates declined in The Netherlands, even when
wintering ground conditions were accounted for statistically, whereas rates remained
constant in Belarus; also the extent of ornament development in Dutch males decreased.
Declines in various measures of staging performance (length of stay, body mass gain,
ornament development) suggest that loss of habitat quality has induced the shift of
migration routes eastwards. This indicates that shorebirds, counter to previous expecta-
tions, do show fast and adaptive changes in migration routes. 
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In a changing world, migrant birds would benefit from a capacity to respond appro-
priately to sudden alterations of critical habitats (Both & Visser 2001; Baker et al. 2004;
Piersma & Lindström 2004; Both et al. 2006; Piersma 2007; Pulido 2007). In his stimu-
lating review of documented cases of adaptive change of migration routes, Sutherland
(1992, 1998) suggested that species with cultural inheritance (i.e. where parents
accompany their young during first migration) would be more plastic than species
where young migrate independently (where an inherited program would steer the
first southward migration). Indeed, even with strong directional selection, captive
passerines required several generations to adapt to new migratory directions
(Berthold et al. 1992). Within generation geographical shifts in migratory routes of birds
are exclusively reported for long-lived species with extended parental care (Newton
2007; Bauer et al. 2008). In other species migratory behaviour is expected to be geneti-
cally controlled (Böhning-Gaese et al. 1998; Pulido 2007). Here we report the first
example of a rapid change in migration routes in a species without extended parental
care, the ruff (Philomachus pugnax, Linnaeus 1758, Scolopacidae). Ruffs are typical
shorebirds in which most juveniles during first southward migration travel independ-
ently of adult birds (van Rhijn 1991); they are thus expected to be genetically
constrained to fixed migration routes (Sutherland 1998).
Ruffs use inland wetlands, including agricultural landscapes with high water
tables (Wymenga 1999; Zwarts et al. 2009). Physiological adaptations to long-distance
flights (Piersma 1998; Vaillancourt & Weber 2007) enable their migrations between
tropical wintering areas and arctic breeding sites. Wintering areas host ruffs of mixed
breeding origin. For example, ruffs wintering in the Sahel breed between 10° E in
Europe to 160° E in Russia (Zwarts et al. 2009). They segregate during migration:
Siberian breeding birds use Eastern Europe during migration, where as the Western
European flyway connects to the European Arctic but also to Western Siberia (Zwarts
et al. 2009). Three major European staging sites, with over 10,000 ruffs, are recognized:
(1) the agricultural fields of Fryslân (The Netherlands, Western Europe), (2) the flood-
plain meadows of the Pripyat river (Belarus, Eastern Europe), and further east, (3) the
limans and agricultural fields of the Sivash (Crimea, Ukraine) (Chernichko et al. 1991;
Jukema et al. 1995; Mongin & Pinchuk 1999; Wymenga 1999; Jukema et al. 2001;
Karlionova et al. 2007). Females traditionally use easterly sites; in Fryslân they pass
through in low numbers (Wymenga 1999). Ruffs are sexually dimorphic (but see
Jukema & Piersma (2006)); the larger males develop their colourful sexual ornaments
during staging on northward migration (Jukema & Piersma 2000). The combined
activities of refueling, moulting and ornamentation elevates energetic requirements
(Buehler & Piersma 2008) suggesting that ruffs require high quality staging habitats. 
Ruffs in Fryslân have been in decline over the last decades, with spring numbers
decreasing since the 1990s (Wymenga 2000; Zwarts et al. 2009; Delany et al. 2009). This
reduction might reflect declining numbers of breeding birds or reflect shifts in distri-
bution. Parallel studies in the closest western and eastern staging areas, Fryslân and
98 Chapter 7Pripyat, 1500 km eastwards, created a unique potential to examine whether ruffs are
shifting spring staging sites. Local staging conditions in both areas were assessed from
2001 to 2010, by comparing population dynamics, migration phenology, refueling
rates and development of sexual ornaments. 
Methods
Counts, catches, colour-marking and radio-tagging
In Fryslân, the spring passage of ruffs was studied in a 400 km2 area dominated by
dairy farms (centred on 52°58’ N 05°24’ E). Until the late 1990s up to 60,000 ruffs
passed through from March until May (Jukema et al. 1995; Jukema et al. 2001). Ruffs
feed on grassland, and roost along the shallow shores of Lake IJsselmeer and smaller
inland lakes (Verkuil & de Goeij 2003). Between 2001–2010 on dates close (± 3 days) to
the 1st and 15th of the months of March-May, volunteers counted birds at the nine
main roost sites (van der Burg & Poutsma 2000), covering the area used by staging
ruffs. Since 2001, ruffs were captured with wind-driven clap nets, using a flock of
decoys to lure flying birds in front of the net. Beginning in 2004, the Dutch migrants
have been colour-marked and resighted annually, as part of the Global Flyway Network
efforts to assess the demography and migration shorebirds worldwide (Piersma 2003,
2007). 
Each captured ruff was given a numbered metal ring, a unique combination of
four colour bands and a coloured ‘flag’. The birds were weighed to the nearest g. For
sex determination wing length was measured with a stopped ruler. In ruffs discrete
distributions of wing length are found for females (<170 mm) and ornamental males
(>180 mm); non-ornamental males, so-called faeders (Jukema & Piersma 2006), occur
in low frequencies (around 1%, Chapter 5) and are not considered here. Birds were
aged by leg and plumage characteristics; until their second calendar year ruffs have
green or spotted green legs, and buff wing coverts (Meissner & Ziêcik 2005; Meissner
& Scebba 2005). The moult of the ruff feathers of ornamented males was scored in six
classes, 0 being least developed, and 5 being most developed. 
Between 25 March and 15 May 2004–2008, the study area was covered daily to
check for colour-ringed ruffs. Due to sample size constraints for the scarce females
and faeders, only resighting data on ornamented males, hereafter called males, will be
presented. For males, 7,550 resightings were collected, including multiple resightings
of 4,363 individuals (between 744 and 1052 annually). Resightings probabilities varied
between 0.11 and 0.17 for two-day intervals (Chapter 6). Resightings were used to
generate estimates of individual length of stay (Chapter 6), and population size. In
addition to local resightings, the general public provided 145 resightings of colour-
ringed individuals from elsewhere in Europe. 
To supplement observations of colour-marked birds, 48 and 47 ruffs were fitted
with radio-transmitters in 2005 and 2007, respectively. Automatic receiving stations
(ARTS) with a maximum range of 5 km were erected at the nine roosts, covering the
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each individual at 20 min intervals for 20 s, with sample intervals of 5 s, at 40 pulses
per min, thus collecting a maximum of four positive signals per 20 min. An individual
was considered present if three out of four instances had signal to noise ratios larger
than 1.5 (see Green et al. (2002); Rogers et al. (2006); van Gils et al. (2006)). 
The Pripyat river flood plains (Belarus, Turov, Gomel Region; centred on 52°04’ N
27°44’ E) supports 10,000–40,000 ruffs annually between March and May (Mongin &
Pinchuk 1999). From 2001 onward ruffs were caught on small islets (in total about
2 km2) in floodplain meadows, mainly with walk-in traps and occasionally with mist-
nets. Each captured ruff was ringed with a numbered metal band, weighed to the
nearest g and aged and sexed. Foraging and flying birds were counted along fixed
routes. Transect counts were carried out 7 times in 2001, 23 in 2002, 18 in 2003, 34 in
2004, 48 in 2005, 50 in 2006, 64 in 2007, 75 times in 2008, 42 times in 2009 and 36 times
in 2010. Presented data are cumulative numbers for each transect count. To enable
comparison with the bi-monthly counts in Fryslân, the maximum count of each half
month was used.
Estimating passage population size and length of stay
Following Frederiksen et al. (2001), the size of the passage population was estimated
as:
Nnew,current = Ntotal,current – Ntotal,previous xϕprevious➝current , 
where Nnew, current is current number of new birds; Ntotal, current is total count in
current time period; Ntotal, previous is total count during previous time period;
ϕprevious➝current is local survival or staying probability from previous to current time
period. Estimates for ϕ were obtained from survival analyses (see below). Census data
were collected bimonthly, hence a cumulative 14 d staying probability was calculated
by multiplication of 2 d staying probability estimates. Staying probabilities for 1-24
March were set to 1, after backward extrapolation of later staying probabilities
(Chapter 6). Estimated population size is the sum of Nnew, current for all 14 d periods.
Birds counted between 1-15 March were considered all new arrivals; as numbers in
March were low this assumption did not markedly affect the grand total. 
Staying probability (ϕ, probability to stay to t+1), and seniority probability (γ,
probability to have been in the study area at t-1) were modelled according to Schaub
et al. (2001). With ϕ duration of stay after encounter was estimated and with γ duration of
stay before encounter, which add up to total length of stay (Schaub et al. 2001). To not
violate the assumption of equal resighting probabilities for each time interval, only
ruffs colour-ringed in a previous year were used to estimate length of stay (Chapter 6). 
Encounter histories with 2-day intervals were generated, beginning on 25 March in
the year after marking. This resulted in 113, 461, 451 and 437 encounter histories
respectively in 2005, 2006, 2007 and 2008. Only 2 d time intervals with >9 resightings
were used in the analyses (Morris et al. 2006; Gillings et al. 2009). This requirement was
not met for most time intervals in 2005, so this year was excluded from the analyses.
100 Chapter 7Mark-recapture logit selection procedures according Pradel (1996) and White &
Burnham (1999); (Chapter 6) were applied. Most parsimonious models were used to
generate estimates for length of stay by bootstrapping following Schaub et al. (2001).
Annual variation in estimates of length of stay were analysed with a linear model,
with Year as categorical factor and Date as co-variable (SPSS 16).
For radio-tagged birds, minimal length of stay (time between day of tagging and last
detection) was calculated (Warnock et al. 2004). Capture-recapture modelling did not
apply as initial seasonal encounter was the capture occasion which violates the
assumption of equal encounter probabilities for each time interval. To not underesti-
mate length of stay, only birds tagged in the first two tagging cohorts (24-26 March
and 1-2 April) were used (n = 20 in 2005; n = 22 in 2007). 
Modeling the rates of body mass increase and moult
Refueling and moulting rates were used as a measure of local staging performance
(Lindström 2003). Moult may be a relevant indicator of habitat quality, as it starts from
zero at the staging site (Jukema & Piersma 2000). To account for a carry-over effect of
wintering conditions on local staging performance, data on the flood extent of ruff
habitats in The Sahel during the preceding winter were factored in. The inundation
areas were taken from Zwarts et al. (2009), being 13,625 km2 in winter 2000–01, 13,907
km2 in 2001–02, 10,874 km2 in 2002–03, 15,433 km2 in 2003–04, 10,874 km2 in 2004–05,
12,390 km2 in 2005–06, 13,458 km2 in 2006–07 and 14,602 km2 in 2007–08.
To estimate the rates of body mass increase, the modeling approach of Zuur et al.
(2009) was applied in ‘R’ (R Development Core Team 2008). The variation in body
mass with date, year, sex, age, staging site and flood extent was modelled. To deter-
mine whether trends found in adult males apply to the total population, in these
analyses males in their second-calendar year (2cy) and females were included. 
First a general linear model of Bodymass was fitted with the variables Date, Year,
Group (adult males, 2cy males, females), Place (Fryslân, Pripyat) and Wint_cond. Date
was centred as follows: Date – (firstday(for each place and year)-lastday(for each place
and year))/2) and converted to (centred date – min(centred date) + 1. The variable
Year was treated as a continuous variable and transformed to Year-min(Year) +1. The
variable Wint_cond (wintering conditions) was scaled by the “scale” R function. This
general linear model yielded residuals that violated homogeneity assumptions:
variance increased with Date (cone shaped pattern) and variances were different
between groups. To deal with heterogeneity in variances, the generalized least squares
(GLS) method (Pinheiro & Bates 1996; Pinheiro et al. 2008) was applied as follows. The
initial model included Bodymass as response variable and explanatory variables Date,
Year, Place, Group and Wint_cond and all their interactions, except between Year and
Wint_cond. Residuals variances were modelled using GLS with Restricted Maximum
Likelihood estimation (REML). The constant plus power of variance covariance function
was used to model the variance structure (varConstPower(form=~Date|Group)) as it
had the lowest AIC. There were no temporal autocorrelation patterns, so the random
part of the model included only the variance structure. Next the model was refitted in
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of interactions. The same procedure was followed to model arrival body mass, using
data of the first catch of each season. Heterogeneity of variance in Group was found
and hence for the factor Group, the varIdent variance structure was applied. For final
models with remaining interactions see Supporting Information.
To analyse moult patterns, the feather growth and advances into the next stage
were assumed to be linear (Underhill & Zucchini 1988). The starting model was a
maximal linear model (LM) including Stage as the response variable and all interac-
tion terms between Sex, Year, Date, and a quadratic term of Date (date^2) as explana-
tory variables. Variables Year and Date were transformed as explained above.
Heterogeneity in the LM model was detected; hence the model was refitted with the
GLS method from the linear and non linear mixed effects models (nlme) R package.
The optimal variance structure of the model was a combination of a constant plus
power of the variance covariance structure of Date and Sex plus a exponential variance
structure of Year (varComb((varConstPower(form=~cDate|Sex), varExp(form=~pos
Year)). Temporal autocorrelation was not significant. After reducing the model by
backward selection only Year, Date, Sex and the interaction between Date and Sex
remained. The quadratic term and all other interactions were not statistically signifi-
cant. 
Other statistical procedures
To test for annual changes in longitude and latitude of resighting locations elsewhere
in Europe, Kruskal-Wallis tests were applied (SPSS 16). Sampling effort was not
corrected for, as over the years, numbers ringed in Fryslân decreased (1138 in 2004,
1256 in 2005, 969 in 2006, 730 in 2007 and 523 in 2008), the proportion of marked
individuals in Fryslân remained constant around 3%, and the sample size of observa-
tions outside The Netherlands was fairly constant with 21 in 2005, 41 in 2006, 36 in
2007 and 47 in 2008. 
Results
Population trends
In Fryslân, the number of migrants declined (Fig. 7.1), which significantly affected
peak migration counts (16-30 April, rs = –0.99, p< 0.0001). The migrant population
involved 25,000 ruffs in 2001, but in 2010 only 5000 remained. Counts corrected for
length of stay showed a similar decline in migrants, from 18,673 in 2006, to 18,273 in
2007 and 10,077 in 2008. In Pripyat, peak migration significantly increased from less
than 5000 to 30,000 migrants (16–30 April, rs = 0.71, p = 0.02).
In Fryslân, the phenology (expressed as the proportion of birds passing through in
late April and early May) did not vary with maximum counts (Fig. 7.2). In contrast, in
Pripyat with an increase in numbers of migrants, the phenology shifted forward, with
an increasing proportion of migrants passing in April (Fig. 7.2).
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Figure 7.1. Numbers of migrant ruffs passing through The Netherlands and Belarus between 2001
and 2010, in bimonthly periods. Given are numbers through six migration periods. Note that peak
numbers generally appear in mid April in The Netherlands, and late April/early May in Belarus.
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Figure 7.2. Spring migration phenology of ruffs in relation to peak number of migrants. For The
Netherlands, 16–30 April signified peak migration; 1–15 May signified just after peak migration. In
Belarus, peak migration is either between 16–30 April, or between 1–15 May, depending on maximum
numbers passing. Local staging performance
In radio-tagged birds tagged before 2 April, the minimal length of stay was 24.2 (± 8.7)
in 2005 and 19.2 (± 11.3) days in 2007 (Fig. 7.3A). In colour-ringed birds, length of stay
decreased significantly with year (posthoc Tukey test, F77, 2 = 96.2, p < 0.0001)
(Fig. 7.3B), from 23.2 (± 2.8) days in 2006 to 18.5 (± 3.9) days in 2008.
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Figure 7.3. Mean length of stay of migrant ruffs in The Netherlands. (A) Telemetry based estimates of
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Figure 7.4. Refueling rates of migrant ruffs in The Netherlands (black lines) and in Belarus (grey
lines). Mass gain rates are slopes of generalized least squares (GLS) regressions of body mass on date.
The solid lines are Restricted Maximum Likelihood (REML) estimates of body mass increase; the
dashed lines are REML estimates of body mass increase scaled to wintering conditions (wint_cond).  The rate of body mass accumulation showed a significant year by location interac-
tion (L1, 11732 = 248, p < 0.001): over the years the rate decreased in Fryslân, but
remained stable in Belarus (Fig. 7.4). Asignificant and parallel effect of wintering
conditions on refueling rate was detected (L1, 11732 = 6.72, p < 0.01). At both locations
the rates were relatively high in 2003 and 2005, which were the drier winters. This was
true for both adult males (n = 7367), females (n = 3338) and 2cy males (n = 1027, see
Supporting Information). Annual variation in arrival body mass did not vary
significantly between locations (L1, 112 = 0.006, p = 0.94), and was stable in females and
2 cy males, and slightly decreased in adult males in Belarus. In Fryslân, moult was
halted at significantly earlier stages in later years (Fig. 7.5). 
Resighting of marked individuals
Of ruffs marked in Fryslân since 2004, 145 observation of individuals re-sighted else-
where on northward migration in any subsequent spring were obtained (Fig. 7.6). The
longitude of the resighting locations of these 145 observations varied significantly
between years (Fig. 7.6; X2
3 = 12.2, p = 0.007), with a trend towards easterly resight-
ings from 2004 to 2008.
Discussion 
There are few known examples of rapid shifts in direction and distribution of migra-
tion routes of birds, with the best known example being that of evolution of new
wintering areas over a few generations in the blackcap Sylvia atricapilla, a European
passerine (Berthold et al. 1992). The observed gradual change in longitude of resight-
ings of individuals marked in The Netherlands during the first decade of 21st century
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Figure 7.5. Moult into breeding plumage of migrant ruffs in The Netherlands. Given is the mean
growth stage of ruff feathers in ornamented adult males.  reflects increasing numbers of individuals using eastwards routes. As the Dutch
migrants declined twice as fast as the European breeding numbers (see below), we
suggest that many formerly Dutch migrants have made the switch to eastern migra-
tion routes. Hence the decline of Dutch migrants would be the result of changes in site
use rather than a reduction in global population size. This is to our knowledge the
first report of a rapid shift within the generation time of a migratory species. 
Trends in relation to the global population
Migrant ruffs from The Netherlands winter predominantly in the Sahel (OAG
Münster 1989; Zwarts et al. 2009). Since the 1950s, major shifts in the winter distribu-
tion of ruffs have occurred, especially with respect to the use of areas in Senegal, but
the numbers wintering in the larger area are considered to have been stable over the
last two decades (Zwarts et al. 2009). Alternatively, declining breeding numbers in
Northwest Europe (Zöckler 2002; Thorup 2006) might explain the decline of Dutch
migrants. However, the 6% annual rate of decline of the Dutch migrants exceeds the
declines of 2.1-2.9% per year for ruffs breeding in the European Arctic (estimates for
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Figure 7.6. Longitude and latitude of spring migration resightings between 2005 and 2008 of colour-
ringed ruffs relocated outside The Netherlands. Squares indicated three staging areas which support
the largest concentrations of spring migrants in the range, respectively Fryslân (The Netherlands),
Pripyat (Belarus) and Sivash (Crimea, Ukraine). For each year medium longitude/latitude of
resighting locations (± SE) is given and the upper range for longitude (lower range was always close
to 00°00’ E as each year 1-3 birds were resighted in UK in early March).  1990-2007; Chapter 8), and the 3% for the total European grounds (estimates for 1994-
2004, BirdLife International (2008)). 
The Dutch migrants mainly consist of males (Jukema et al. 2001; Verkuil & de Goeij
2003), but ruff numbers are usually monitored by counting breeding females (as males
do not nest, Hogan-Warburg (1966)). Hence, the greater decline in the passage than in
the breeding numbers might be explained by sex-specific differences in population
trends. This is unlikely, however, as local trends in refueling rates are similarly nega-
tive in males and females, with females even approaching a situation of zero mass
gain rates (Fig. 7.4). Females would thus be expected to be negatively affected by
staging conditions in Fryslân even more than males.
Additional anecdotal evidence supports the shift of many formerly Dutch
migrants. In Pripyat, the recapture rate of ruffs colour-marked in Western Europe
changed from 0 of 3,499 captured individuals between 2001-2007, to 5 out of 2,335 in
2008. The five recaptures in 2008 refer to three individuals marked in Fryslân
(captured 5 April 2003, 6 April 2006, 24 April 2006) and two marked in Sweden
(captured 31 August 2003, 17 May 2007).
Changes in habitat quality in The Netherlands
The contrast between the staging performances of the Dutch and Belarusian migrants
suggests that the decline in Fryslân is a local phenomenon. The shortened length of
stays, decline in refueling rate and the halting of moult at increasingly earlier stages
indicate that conditions have deteriorated. Refueling and moulting are major determi-
nants of a successful migration (Alerstam & Lindström 1990; Zwarts et al. 1990;
Lindström 2003; Baker et al. 2004; Piersma & Lindström 2004). Unsuccessful ruffs
might discontinue the use of a staging site that no longer offers good conditions.
There are, however, two alternative explanations for the decline in staging
performance. Firstly, the quality of sites used before arrival, could have changed.
However, no long-term change in arrival body mass was detected. Furthermore, we
found parallel effects of wintering conditions in both staging populations. At both
staging sites, refueling rates are generally higher after dry winters, but in later years
this compensation was lower in Fryslân than in Pripyat (Fig. 7.4). Also, moult at the
staging site starts from zero (Jukema & Piersma 2000), so the halting of moult at earlier
stages in Fryslân will mainly be a local effect. Secondly, the composition of the popula-
tion could have changed; birds with high refueling rates might have disappeared from
the staging site for another reason than declining local habitat quality. Yet, preliminary
analyses on local return rates of marked individuals suggest that ruffs with advanced
facial wart development in the previous year were more likely to return (facial warts
are a carotenoid-based, diet-dependent sexual trait). Also the timing of migration did
not change in Fryslân. We therefore conclude that a quality change of the staging
habitat and not a change of the migration population have influenced staging
performance. 
Staging performance can change due to a decline in (a) quantity of quality of food
resources or a (b) decline in availability of food resource, e.g. when predation risks
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sincreases staging time might decrease (Ydenberg et al. 2004). In Fryslân, raptor abun-
dance in general, and abundance of the main predator, peregrine falcon Falco pere-
grinus did indeed increase in the 1990s and affected shorebird numbers (Piersma et al.
2003). However, as raptor densities stabilized in the 2000s (Bijlsma et al. 2007), pred-
ator avoidance cannot explain the decline observed in the recent years. 
In Fryslân, ruffs foraged predominantly in agricultural grasslands. These grass-
lands are managed intensively, most fields being highly fertilized monocultures of
Lolium perenne with low water tables and early mowing dates. The sensitivity of ruffs
to drainage of grasslands (Thorup 2004), resulted in the cessation of breeding of ruffs
in The Netherlands (Bijlsma, Hustings & Camphuysen 2001), and temperate Europe
(Hötker 1991; Zöckler 2002). Drainage also affected the Dutch migrants. They encoun-
tered low availability of the preferred medium herb-rich grasslands with a high water
table; the alternative ‘habitat’ used by ruffs since the wet grasslands disappeared, are
freshly manure-injected Lolium perenne monocultures (Verkuil & de Goeij 2003). The
application of manure drives soil organisms to the surface, which enhances prey
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Figure 7.7. Relationship between numbers of staging ruffs and habitat availability in The
Netherlands. The preferred habitat of ruffs is wet agricultural grassland (Verkuil & de Goeij 2003)
which was available in 1990s and earlier (A: solid black line). In 2000s this habitat type became
scarcer (B: solid black line). Recently, staging ruffs predominantly use manure-injected agricultural
grassland. The occurrence of manure-injected fields decreases with date (B: black dashed line) as
farmers apply manure early in the season thus allowing an early grass harvest. As a result ruffs have
to leave the staging site earlier and the overall capacity of the staging area decreased.  availability temporarily (for one day). In recent years, manure injection has started
earlier to enable an early first cut of grass (Schekkerman & Beintema 2007), leaving
staging ruffs after mid April with fewer manure-injected fields (Fig. 7.7). Moreover,
after mid-April drained fields in most years become impenetrable for shorebirds
feeding on subsurface soil organisms (B. Verheijen and N. Groen, pers. comm.). The
fact that the Dutch passage population depends to a great extent on manure-injection
practices (Fig. 7.7) suggests that the availability of more natural fields has dropped
below sustainable levels. The ongoing decline of the Dutch migrants indicates that for
ruffs the changes in agricultural practice and reduction in food availability has pushed
the ecological bottleneck for refueling and ornament development below sustainable
levels (Buehler & Piersma 2008). 
Mechanisms for flexible migration
How flexibly animals can respond to environmental change will largely depend on
their ability to change behaviour. Our results show that migratory animals can change
spatial distributions, and hints at processes causing a change. The observed gradual
increase in longitude can reflect (a) a gradual shift in longitude of individuals or (b)
increased numbers of individuals shifting. Agradual shift would be the reflection of a
site-sampling process. If the move is a one-time shift of individuals with no site-
sampling involved, this would hint at a winter-driven process. The observation that
wintering conditions affect the Belarusian and Dutch migrants in the same way
suggests that both winter in the Sahel or in adjacent regions where rainfall and evapo-
ration conditions correlate with the conditions in the Sahel. Shared wintering location
might enhance exchange of information. We have no insight in how information
exchange would occur and why it should have changed. It would require advanced
inference by individual birds or possibly flock-based migration decisions during
departure from wintering grounds (see Bijleveld et al. (2010)). Either way, there is defi-
nitely a scope for studies on mechanisms for flexible migration.
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Ongoing redistribution of breeding
ruffs (Philomachus pugnax) cannot
be explained by temperature
change on Arctic breeding grounds 
Eldar N. Rakhimberdiev, Yvonne I. Verkuil, Anatoly A. Saveliev,
Risto A. Väisänen, Julia V. Karagicheva, Mikhail Y. Soloviev,
Pavel S. Tomkovich & Theunis Piersma
Over the last two decades thousands of migrating ruffs (Philomachus pugnax) have
disappeared from the Western Europe migratory staging sites. These migratory ruffs are
partly temperate-breeding birds, but many individuals head towards the Eurasian Arctic
tundras where 95% of the global population breeds. This regional decline may represent
either: (1) local loss of breeding birds in Western Europe, (2) a global decline, (3) shift(s)
in distribution, or (4) a combination of these. To put the declines in Western Europe in
context, the breeding areas across northern Eurasia have to be considered. We therefore
analyzed Arctic monitoring data from the last two decades (Soloviev & Tomkovich 2009)
to detect changes in regional breeding densities using Generalized Additive Modeling
(GAM) and Generalized Estimations Equations (GEE). We show that the global breeding
population of ruffs has made a significant eastwards shift into the Asian part of the
breeding range. In the European Arctic, ruffs decreased during the last 18 years; in
contrast, in Western Siberia ruffs increased and in Eastern Siberia no significant popula-
tion changes could be detected. These changes did not reflect differential climatic
changes across the Eurasian breeding range. Instead, they corroborate the finding that
during northward migration a growing number of ruffs avoid a major staging site in
The Netherlands in Western Europe and instead moved to a more easterly migration
route leading into Western Siberia. We thus suggest an unprecedented large-scale popu-
lation shift of ruffs in response to ongoing agricultural intensification at the traditional
staging area in The Netherlands.
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The extent of phenotypic, genetic and demographic changes of species, in response to
environmental dynamics not only provides insights into the limits to species persist-
ence, but also illuminates the involved evolutionary mechanisms. Understanding the
resilience of populations currently facing fast alterations of their environment (climate
change, habitat loss, and pollution) is of major importance for the maintenance of
biodiversity on our planet. Changing environment (Hötker 1991; Donald et al. 2001;
Newton 2004) especially agricultural intensification (Pärt & Söderström 1999; Smart et
al. 2006; Eglington et al. 2008) significantly affected populations of European birds in
recent decades. Herbivorous migrants such as geese have generally profited from the
same land-use changes (Pettifor et al. 2000; Fox et al. 2005; Jefferies & Drent 2006;
Eichhorn et al. 2009), while most of avian species, including worm- and arthropod-
eating breeding shorebirds of the European grasslands species are all in substantial
decline (Hötker 1991; Piersma et al. 1996).
Until quite recently, ruffs (Philomachus pugnax), a species of shorebird with many
unique biological features including strong sexual dimorphism, a lek mating system,
the existence of three male types, and extravagant and wonderfully variable plumages
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Figure 8.1. Breeding areas and wintering areas of the ruff Philomachus pugnax. Light grey: Western
European breeding grounds, and the Russian Arctic, harbouring ca. 95% of the global population of
ruff. Dark grey: wintering areas. The connections through Western and Eastern Europe with breeding
areas are indicated with lines (modified after Zwarts et al. 2009). Note that in this schematic overview
no actual staging sites are indicated. (Darwin 1871, Lank & Piersma 1988, Lank & Dale 2001), counted as one of the most
abundant breeding birds in Western Europe. Despite serious declines as breeding
birds, not long ago thousands of ruffs still used wet grasslands in Western Europe as
migratory staging areas. During northward migration large numbers headed through
Western Europe (Wymenga 1999) towards the Eurasian tundras where over 95% of the
world population breed (Zöckler 2002, Zwarts et al. 2009). Ruffs mainly winter in West
Africa, but there are also wintering populations in East Africa, South Africa and India. 
Ruffs appears to be one of the most flexible migrants. The majority of ruffs,
migrating through Western Europe, winter in the West African Sahel region (Zwarts et
al. 2009). However, in spring the birds from Sahelian Africa migrate on a broad front
and cover Europe as a wide fan. Among the most important and well-studied staging
sites are those located in The Netherlands, in Belarus (Karlionova et al. 2007) and in
the Crimea, Ukraine (Chernichko et al. 1991). 
Ongoing declines of ruffs at staging areas in The Netherlands (Chapter 7) and
Sweden (Lindström et al. 2009) may reflect declines in overall population size or local
disappearance either or not involving a redistribution. To establish the cause of the
declines in migrant ruffs in Europe, we assessed the Eurasia-wide changes in breeding
densities on the basis of unique data compiled by the International Breeding Conditions
Survey on Arctic Birds (Soloviev & Tomkovich 2009). This study therefore answers a
recent call from BirdLife International (Sanderson et al. 2006) that in the light of wide-
spread and steady declines in many Afro-Palearctic migrant birds, the relative impor-
tance of factors operating on the birds’ wintering grounds, breeding grounds or on
migration routes should be assessed.
Methods
Data on trends in numbers of Russian breeding ruffs were obtained from the online
database of the International Breeding Conditions Survey on Arctic Birds (Soloviev &
Tomkovich 2009). This dataset compiles information from an annual average of 62
circumpolar tundra sites for the period from 1990 to 2007; 185 reports with informa-
tion on the abundance of breeding ruffs from Eurasia were used. Reports qualified
estimates of abundance with assignments to either of three categories: rare, common or
abundant.
Data organization
The dataset was presented as n observations, defined by three qualitative categories
of abundance (rare, common and abundant). Proportional odds logistic regression is
commonly used to analyze such data. However, currently it does not allow for non-
linear modeling. To avoid this restriction, the initial data was used twice and the three
qualitative categories of abundance were transformed into two dummy binary
response variables Y1 and Y2 (Table 8.1) (Winkelmann & Boes 2009). In the first
dataset the binary response variable Y1 was given 0 values for the initial category rare
113
R
e
-
d
i
s
t
r
i
b
u
t
i
o
n
 
o
f
 
b
r
e
e
d
i
n
g
 
r
u
f
f
sand ‘1’ for the rest of observations, which met the condition “more than rare”. In the
second dataset Y2 was set to 1 for the abundant category and Y2 = 0 for “less than
abundant”. 
Although two separate models for the response variables could be applied, we
preferred to unify them into the single model. For this the two obtained datasets were
merged into one and introduced a two-level identifier α (α = 1 for Y1 and α = 2 for Y2).
This way a new dataset was obtained, with binary response variable Y, identifier vari-
able α and 2n elements, fully describing the initial information. In addition, to model
the autocorrelation structure, a variable representing the unique identification number
for each initial observation was introduced.
Software packages used
R 2.8 software (R Development Core Team 2008), with packages “mgcv” for
Generalized Additive Modeling (Wood 2004, 2008) and “geepack” for General
Estimation Equations (Yan 2002; Yan & Fine 2004) was used for all analyses.
Generalized Additive modeling
Despite the qualitative nature of the presented observational data, the above
described simple transformation allowed the application of thoroughly developed
and reliable modeling methods, appropriate for a binary response variable, to model
the abundance of breeding ruffs in the Russian Arctic.
Generalized Additive Modeling (GAM) with a binomial distribution and a logistic
link function was applied to visualize the longitudinal changes in population trends:
Model 1: Y~ α + s(Year,Longitude),
where s() is the smoothing function.
Note that although Generalized Additive Mixed Modeling (GAMM) would have
taken into account the consequences of data duplication, GAM was preferred as it was
more stable (Wood 2008).
Based on predictions from the GAM model results, two parallel (at the linear
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Table 8.1. Data transformation for the analysis. Y1 and Y2 are binary response variables and α is an
identifier variable defining source dataset.  
Abundance Y1 (α = 1) Y2 (α = 2)
Initial variable Response variable Response variable
Rare 0 0
Common 1 0
Abundant 1 1predictor scale) surfaces were drawn: one for the probability of ruffs being more than
rare (α = 1) and another one for more than common (α = 2). The model results of popu-
lation trends distinguished three areas with different population trajectories, and thus
a new three-level explanatory variable “range” was created and introduced in further
analyses. To ascertain the precise longitudinal boundary values, GAM surfaces were
cut at each degree longitude and a linear regression of predicted probability of abun-
dance from year was conducted for each slice. Positive and negative slopes indicated
positive and negative trends in ruffs abundance, correspondingly. Longitudinal points
with zero slopes (i.e. stable abundance) indicated boundaries of ranges with reversed
trends. This allowed us to replace the continuous explanatory variable “longitude”
with categorical one called “range”. This new explanatory variable was introduced
into the next GAM model, also with binomial distribution and logistic link function:
Model 2: Y= α + Range + s(Year):Range,
where s() is the smoothing function.
This yielded single factor smoothers (si) for each range that were plotted and used for
further analysis.
GAM results for the European range were compared with monitoring data
collected in Finland (see Väisänen 2006).
General Estimation Equations
Because of the small sample sizes, the use of linear models was preferred. To define
linear trends in population dynamics within the three ranges, the General Estimation
Equations method (GEE) with a binomial distribution, a logistic link function and
exchangeable correlation structure was applied. GEE is a way to get valid parameters
estimation from GLM in presence of potential autocorrelation of data from the same
observation (Zuur et al. 2009). The “geeglm” R-package (Yan 2002, Yan & Fine 2004)
with “exchangeable” type of correlation structure was used. Variables year, longitude
and range were used to model the abundance of nesting ruffs. The variable longitude
was nested in range. The initial model had the following structure:
Model 3: Y ~ α + Year + Range + Year:Range + Range:Longitude +
Year:Range:Longitude 
For model simplification, backwards selections with ANOVAcomparisons were applied.
Observer effects
To test whether variation in the experience of observers could have biased estimates of
local ruff abundance, a new factor was created with two levels: “new” for reports from
each first-year observer and “experienced” for reports from observers with more than
one year of experience. The dataset contained 65 reports from “new” observers and
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variable in all models, but being insignificant it was excluded. This indicates that
reports from experienced and newly trained observers were equally informative.
Temperature trends
For years 1990 till 2008, average deviations in mean temperatures in June were calcu-
lated for three regions within the breeding distribution of ruffs, following the method
described by Soloviev et al. (2007). The three regions comprised Finland and the two
westernmost ranges from the previous analysis – the European part of the Russian
Arctic with Yamal peninsula, and the Western Siberian range. The initiate model had
the following design:
Model 4: June_temperature ~ Year*Range
There were no significant temporal autocorrelation patterns and no violation of the
homogeneity assumption, so a linear regression model with backwards selection was
used (Zuur et al. 2009). Model 4 was repeated to test for average deviations of mean
July temperatures.
Results
Between 1990 and 2007, no overall global population decline could be detected
(Fig. 8.2). Instead, trends in the abundance of breeding ruffs varied with longitude, as
indicated by a statistically significant nonlinear interaction between year and longi-
tude in the GAM model of abundance trends (Model 1, p = 0.0005). After grouping
sites with similar trends, three longitudinal ranges were distinguished (Fig. 8.2A). The
boundaries for the ranges were defined at values of longitude where linear trends of
abundance reversed (see Methods, Fig. 8.2C) and represented existing geographical
barriers (Fig. 8.2B). In the westernmost part of the range, ruffs decreased; this area
comprised the Russian European Arctic plus Yamal Peninsula with a western
boundary at 27° and a natural boundary along the Ob River at 73° (hereafter Russian
European Arctic). In the central range (from 73° to 97°) the ruff population increased;
this area contained Western Siberia and Western Taimyr, and was comprised mostly
by lowland areas (hereafter Western Siberia). In the easternmost range, which
extended from Central Taimyr (97°) eastwards throughout mountainous Eastern
Siberia, ruffs decreased over the last two decades, but only slightly so. 
The trends within the detected European and Western Siberian ranges were con-
firmed by a second model, fitted with General Estimation Equations methods (Model
3). In Eastern Siberia, significant longitudinal variation in trends was found (p = 0.0024).
However, due to insufficient sampling in this part of the range, East Siberia had to be
excluded from further analyses. Without the sparse data from East Siberia, the effect
of variable “longitude” became insignificant and was excluded by backward selection
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Figure 8.2. The abundance of arctic breeding ruffs between 1990-2007, in relation to longitude, as esti-
mated by Generalized Additive Modeling (GAM).
(A) Modeled probability for ruffs to be more than rare. Increase in shading intensity represents a
decrease in abundance. Dots are initial data points (small dot – “rare”, medium – “common”, large –
“abundant”). Solid lines are the isolines of the GAM model, with numbers indicating probabilities.
Dashed lines cut the surface into three regions with similar trends.
(B) The geographical regions underlying the three regions with similar trends. The western region
concurs with the Russian part of the European Arctic, the middle region concurs with West Siberia,
and eastern region concurs with East Siberia and the Far East. 
(C) The relationship between longitude and the long-term trends in abundance of ruffs as estimates
by linear slopes of the surfaces obtained with Generalized Additive Modeling (GAM, see panel A).
Black line: probability of being more than rare, grey line: probability of being more than common.
Horizontal line: a stable situation with slope = 0 found for two points – at longitude 73° and 97° east.
These points were used to determine the ranges boundaries as indicated by the vertical dashed lines
(see Fig. 8.4).with ANOVAcomparisons. GEE analyses for the Russian European Arctic and
Western Siberia allowed estimation of the overall linear slopes for changes in abun-
dance. The slope for decrease in probability of high abundance  for the Russian
European Arctic was approximately -0.021 for breeding ruffs being ‘more than rare’
and -0.029 for them being ‘more than common’. The slopes for the increase in Western
Siberia were 0.029 and 0.07, respectively (Fig. 8.3).
To test for the nonlinear component in the overall trends, GAM analysis was
repeated with the categorical explanatory variable “range” instead of the continuous
“longitude” variable (Model 2). For the Western Siberian range the best smoother was
linear, but for the European part a nonlinear significant smoother with two periods of
decrease was detected. It actually revealed two periods of decline: one in the 1990s
and another in the 2000s (Fig. 8.4).
118 Chapter 8
0.0
0.2
0.4
0.6
0.8
1.0
p
r
o
b
a
b
i
l
i
t
y
1995 2000 2005 1990
Figure 8.3. Long-term changes in the abundance probabilities of arctic breeding ruffs in the European
(solid lines) and Western Siberian (dashed lines) ranges, as obtained by linear modeling (Generalized
linear model (GLM) fitted with General Estimation Equations method (GEE)). Black lines: probability
of being more than rare. Grey lines: probability of being more than common. 
year
range
73°
97°
response
Figure 8.4. Range specific, long-term
changes in the abundance probabilities of
arctic breeding ruffs in the European and
Western Siberian ranges, as obtained with
Generalized Additive Modeling (GAM).
Response parameter: abundance of ruffs.
Ranges boundaries were detected with the
GAM model that included longitude (see
Fig. 8.2C). Year: 1990-2007. The analysis of temperature trends revealed no statistically significant terms
(F1, 57 = 2.43, p = 0.13 for temperature trend in June; F2, 57 = 0.95, p = 0.91 for tempera-
ture trend in July; F1, 57 = 3.17, p = 0.081 for Range effect in June, F2, 57 = 1.77, p = 0.
0.18 for Range effect in July) or interactions (F2, 57 = 1.56, p = 0.22 for June tempera-
ture:Year; F2, 57 = 0.95, p = 0.91 for July temperature:Year; Fig. 8.5). Thus no statistically
significant changes of June and July temperatures for the last 20 years and no differ-
ences in trends between the three analyzed regions were detected.
Discussion
Adding on to the previously reported decreases in the temperate breeding ruffs in
Western Europe by Zöckler (2002), we demonstrated substantial decreases in the adja-
cent parts of the European breeding range, the Russian Arctic (Fig 8.6D). Our results
were based on qualitative data, but are perfectly consistent with quantitative survey
data of ruffs breeding in northern Finland (Fig. 8.6C; Spearman r = 0.73, nyears = 18,
p <0.001) (Väisänen 2006). Meanwhile, the declines in Europe were mirrored by an
increase in Western Siberia. Here we discuss three possible hypotheses for the
observed decline in the European Arctic.
First, changes at the breeding grounds could have lead to a decrease in reproduc-
tive success, resulting in lower recruitment into the European Arctic breeding ruffs.
However, the proportion of juveniles observed at staging sites during southward
migration in autumn has been stable (on average 53.1%, n = 538 following Zwarts
et al. 2009). This suggests that reduced breeding success in European Arctic is unlikely
to be the reason for the decline in Europe.
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Figure 8.5. Deviations of June temperature for 1990 – 2007 years: in Finland (f) and in the European
part of the Russian Arctic (e) where breeding ruff population decreases, and in Western Siberia (w) –
where it increases. Second, deteriorating conditions on the wintering grounds could have carry-over
effects on the breeding grounds. Ruffs from Europe migrate to Sahelian Africa (Fig. 1,
Zwarts et al. 2009). Thus, the steep decrease in breeding numbers of European ruffs
could be explained by hunting or deteriorating habitat conditions in Sahel.
Approximate data on annual harvests of ruffs in Mali (Zwarts et al. 2009) do not allow
for precise recalculation of population loss. Count data for the Sahel region also lack
accuracy, as ruffs are difficult to monitor on the inaccessible floodplains that they
prefer (Zwarts et al. 2009). Nevertheless, the count data show no declines in wintering
numbers since the early 1990s. Rainfall trends in West Africa were positive rather than
negative during this period, and in the most recent years the available amount of suit-
able habitat may even have increased (Zwarts et al. 2009). Hence we cannot explain
the declines in the West European staging area and the European breeding range with
population loss at wintering grounds only. Moreover, the increasing West Siberian
ruffs partly winter in Sahelian region as well (Zwarts et al. 2009).
Our last hypothesis considers changes along the flyway and suggests a shift of
migrating ruffs between migration routes (Chapter 7). According to spring counts, the
disappearance of ruffs staging in The Netherlands during northward migration
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Figure 8.6. Summary of population trends of arctic breeding ruffs, and population trends along the
Western and Eastern European migration routes. Panel A: the migratory population of The
Netherlands (Chapter 7). Panel B: the migratory population of Belarus (Chapter 7). Panel C: the
breeding population of Finland (Väisänen 2006). Panel D: the breeding populations of the European
part of the Russian Arctic (this study). Panel E: the breeding population in Western Siberia (this
study). (Fig. 8.6A) coincides with an increase in staging numbers in Belarus (Fig. 8.6B). The
timing of migration changed in concordance: ruffs mainly disappeared from the
Dutch staging area in the second half of April, and during this same period of time the
number of ruffs in Belarus increased. The migration route through Belarus mostly
ends at the breeding grounds in Western Siberia or even further east (Zwarts et al.
2009), and our analysis revealed a statistically significant and rapid increase in the
abundance of ruffs breeding in Western Siberia (Fig. 8.6E). We thus propose that this
increase represents an influx of birds breeding previously in northern Europe. The
hypothesis is supported by resighting data: individual birds marked in The
Netherlands were indeed resighted on more eastwards migration routes between 2005
and 2008 (Chapter 7).
There are too few data points to precisely determine the timing of the increase in
Western Siberia, but it is remarkable that large decreases in the Dutch passage popula-
tion (Fig. 8.6A) and the European breeding grounds (Fig. 8.6D) coincide with increases
in birds staging in Belarus (Fig. 8.6B) and an increase of birds breeding in Western
Siberia (Fig. 8.6E). We propose that ruffs have shifted their migration routes eastward
as they now seem to largely avoid The Netherlands and may instead prefer migration
routes via Eastern Europe which terminate in Western Siberia rather than the
European Arctic. What could have caused this spectacular shift? Afurther comprehen-
sive analysis is needed to define the reasons underlying this process. Here we discuss
some of them: divergence in temperature trends and anthropogenic pressure between
different parts of the species breeding area and habitat deterioration at its western
European staging sites.
Global spring (June) and summer (July) temperature dynamics for the last 19 years
did not differ between Finland, European and Western Siberian Russian parts of ruff
breeding range (Fig. 8.5). Thus we cannot conclude that the opposing trends in ruff
abundance in Europe and Western Siberia were a consequence of local temperature
differences. We consider anthropogenic habitat loss at the breeding sites also to be an
unlikely explanation for these trends as the European part of Russia is economically
closer to Western Siberia than to Finland; the key industry in the North of Russia is oil
and gas production, while in Finland economics relies mostly on timber harvesting
and agriculture. Thus, we cannot suggest any anthropogenic factors which would
identically affect the European part of Russia and Finland, whilst having an opposite
effect on Western Siberia.
Land use changes, especially the decrease of water tables and subsequent intensifi-
cation of agricultural land, have unanimously been regarded as a cause for the
declines of temperate breeding ruffs in Western Europe (Delany et al. 2009; Thorup
2006; Zöckler 2002). The migratory ruffs in The Netherlands show the same prefer-
ences for wet habitats (Verkuil & de Goeij 2003), and thus land use change is expected
to negatively affect staging ruffs. We detected a significant decrease in local staging
performance (refueling rates, moult rates) in ruffs migrating through The Netherlands
in 2001 – 2008, indicators that were stable in ruffs migrating through Belarus (Chapter
7). The lower performance of ruffs in The Netherlands is correlated with declines of
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Western Europe, Thorup (2006), Delany et al. (2009)), and we thus believe that man-
made habitat loss at the staging areas may well explain the eastward shift of north-
ward migrating ruffs. 
Regardless the reasons for the redistribution, our analyses show that ruffs are
currently living out their potential to quickly react on locally changing conditions by
shifting within the range. This finding implies that the population dynamics of avian
species with a widespread distribution cannot be evaluated locally, and may need to
be considered at a scale even larger than Europe. In ruffs, the response to changing
conditions is strikingly fast and seems to occur well within the lifespan of individual
birds. This makes us believe that mechanisms, also involving non-genetic inheritance
and phenotypic flexibility (Piersma & van Gils 2010), contribute to the resilience of
this species to global change.
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Characterization of polymorphic
microsatellite DNAmarkers in the
black-tailed godwit
(Limosa limosa: Aves)
Yvonne I. Verkuil, Krijn Trimbos, Oliver Haddrath, Allan J. Baker
& Theunis Piersma
We isolated and tested 16 microsatellite loci in black-tailed godwits from The Nether-
lands (Limosa limosa limosa), and from Australasia (subspecies melanuroides). One locus
was monomorphic, two loci had null-alleles and one was significantly heterozygote
deficient. The remaining 12 polymorphic loci had on average 7.9 alleles (range 5–11) and
the mean expected heterozygosity was 0.69. No significant linkage disequilibrium
between the loci was observed and all loci were autosomal. Fourteen loci were success-
fully cross-amplified in bar-tailed godwit (Limosa lapponica).
A
b
s
t
r
a
c
tIntroduction
The black-tailed godwit (Limosa limosa) is a philopatric ground-nesting shorebird,
found throughout Eurasia in grassland, wetland, and marine intertidal habitats. It
breeds from Iceland to eastern Russia and winters in Europe, Africa, the Middle East
and Australasia. It has three subspecies L. l. islandica, L. l. limosa, and L. l. melanuroides
(Höglund et al. 2009). Recent survey data suggest that globally black-tailed godwit
populations may have declined by 30% over the last 15 years (BirdLife International
2008). The species is qualified as Near-Threatened according the IUCN Red List of
Threatened Species. Agricultural intensification and habitat loss due to wetland
drainage might explain these declines (IUCN 2008). To effectively manage conserva-
tion programs, information on spatial population structuring, genetic diversity, popu-
lation size, parentage and dispersal patterns is needed. In the context of a long-term
study on metapopulation dynamics of black-tailed godwits in agricultural landscapes
(Kentie et al. 2008), we developed microsatellite markers. 
Methods
Genomic DNAwas extracted from blood of two godwits from the Dutch limosa popu-
lation (stored in 95% ethanol at –80ºC, band numbers 3477284 and 3477285), using
DNeasy Tissue Kits (QIAGEN). ADNAlibrary was constructed following Hamilton et
al. (1999). DNAwas digested using three blunt-end restriction enzymes (NheI, RdeI,
HaeIII, New England Biolabs), and ligated to SNX linkers to enable PCR amplification
of inserts. Amplification was followed by hybridization to biotinylated oligonu-
cleotides with GT and AC motifs. Biotinylated DNAfragments were captured using
Dynabeads (Dynal). Enriched DNAwas recovered using PCR. Amplified enriched
DNAwas ligated into a PCR 2.1 cloning vector, and plasmids were transformed to
competent cells using TACloning Kit (Invitrogen). 576 positive clones were isolated
on membranes and a second hybridization with biotinylated oligonucleotides, using
NRET Phototope Star Detection, detected 207 clones with inserts. Positive clones were
sequenced with forward and reverse M13 primers using BigDye Terminator version
3.1 (Applied Biosystems) and an ABI 3100 automated capillary sequencer (Applied
Biosystems). Sequences were assembled and edited using ChromasPro 1.33 and
MEGA3.1 (Kumar et al. 2004). 
Twenty-four sequenced clones had motif repeats with unique flanking sequences,
for which primers were designed using Fast PCR (Kalendar 2009) and Primer3 (Rozen
& Skaletsky 2000). PCR was carried out on a Mastercycler epgradient S (Eppendorf).
PCR reaction volume was 12.5 µL, containing 1x PCR buffer (10 mM Tris-HCL pH 8.3,
50 mM KCl, 2.5 mM MgCl2, 0.01% gelatin), 0.7 pmol dNTP (Invitrogen), 0.75 pmol
forward primer (Invitrogen), 2.5 pmol reverse primer (Invitrogen), and 2.5 pmol
universal dye-labelled M13 (TGTAAAACGACGGCCAGT) tail (6-FAM, NED, VIC;
Applied Biosystems), 0.25 U Taq (Invitrogen) and one µL DNAtemplate. PCR condi-
128 Chapter 9tions included an initial denaturation step at 94°C for 5 min, 36 cycles including
denaturation at 94°C for 30 s, primer annealing at 54 or 57°C for 30 s, and primer
extension at 72°C for 30 s. Afinal step at 72°C for 5 min was used to complete primer
extension. Fragment analysis was run on the ABI 3100. Alleles were sized using
500LIZ size standard (GeneScanTM); allele sizes were assigned with Genemapper 3.7
(Applied Biosystems). Consistent PCR products were obtained for 18 primer pairs,
which were screened using limosa specimen from The Netherlands (n = 22). 
Additionally, we screened melanuroides specimen from Vietnam and Northwest
Australia (n = 8). Tests for linkage disequilibrium were run on all data (n = 30).
Furthermore, primers were tested on two populations of bar-tailed godwits (Limosa
lapponica, n = 37).
Results
In black-tailed godwits, two of the 18 markers yielded inconsistent allele calls. Sixteen
loci were tested for polymorphism, the presence of null alleles, allele drop-out, and
stuttering using Micro-Checker version 2.2.3 (van Oosterhout et al. 2004).
Hardy–Weinberg equilibrium tests were run in Arlequin version 3.11 (Excoffier et al.
2005). Linkage equilibrium was tested using GENEPOP (http://genepop.curtin.
edu.au/ (Raymond et al. 1995) and FSTAT (Goudet 2001) applying sequential
Bonferroni correction (Rice 1989). Sex-linkage was tested by molecular sexing using
the primers 2602F (O. Haddrath) and 2718R (Fridolfsson & Ellegren 1999). To assess
allele scoring problems, scoring was repeated independently by KT. Of the 16 loci, one
was monomorphic, two loci had null-alleles and one was significantly deficient in
heterozygotes (Table 9.1). The remaining 12 polymorphic loci had on average 7.9
alleles (range 5–11) and have a mean expected heterozygosity of 0.69. No significant
linkage disequilibrium was observed (p >0.001). For each locus we detected hetero-
zygous females, indicating that the loci were autosomal. The scoring consistency was
99%. 
Fourteen loci were successfully cross-amplified in the bar-tailed godwit (Table 9.2).
Two loci were monomorphic, and a third locus was nearly monomorphic (HO = 0.05).
One locus had null-alleles in both subspecies. The remaining 10 polymorphic loci had
on average 5.5 alleles (range 3-9) and had a mean expected heterozygosity of 0.50.
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Table 9.2. Cross amplification of 14 microsatellite DNAmarkers in bar-tailed godwit (Limosa
lapponica: Aves). N, number of individuals genotyped with samples from The Netherlands in the
upper line and samples from Australia, New Zealand and Alaska in the lower line; na, number of
alleles; HO, observed heterozygosity; HE, expected heterozygosity; loci that significantly deviated
from Hardy-Weinberg equilibrium are in italics. Null allele, frequency of null alleles calculated by
Brookfield equation 1, as given in MICRO-CHECKER (van Oosterhout et al. 2004).  
Locus na N Size HO HE Null
range allele
LIM3 6 16 193-207 0.80 0.81 -
61 6 0.69 0.75 -
LIM5 5 16 218-230 0.31 0.29 -
42 1 0.29 0.26 -
LIM6 3 16 230-238 0.13 0.12 -
21 7 0.06 0.06 -
LIM8 5 16 200-210 0.43 0.53 -
31 7 0.47 0.57 -
LIM10 4 16 248-260 0.25 0.51 0.16
52 0 0.60 0.58 -
LIM12a 4 16 469-477 0.80 0.63 -
51 8 0.67 0.57 -
LIM12b 2 16 229-241 0.19 0.18 -
52 0 0.25 0.28 -
LIM22 1 16 264-266 n/a n/a n/a
22 0 0.05 0.05 -
LIM25 3 16 173-177 0.44 0.38 -
31 9 0.47 0.44 -
LIM26 9 16 382-406 0.60 0.82 0.11
92 0 0.65 0.82 -
LIM30 8 16 321-337 0.94 0.87 -
92 1 0.86 0.83 -
LIM32 6 16 150-168 0.31 0.81 0.27
92 0 0.53 0.79 0.14
MONOMORPHIC
LIM11 1 16 234 n/a
20 n/a
LIM24 1 8 234 n/a
* LIM14 and LIM33 were not screened as test amplifications indicated at primer binding at multiple sites133
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Synthesis
Ruffs and beyond: genetic variation
in coastal and inland shorebirdsThe ecology of ruffs
“Where is the ecology in the molecular ecology?” (Johnson et al. 2009)
This thesis described the population history, migratory flexibility and ongoing
changes in range occupation of ruffs. Historically ruffs have been quite successful.
They bear a genetic signature of a species with a growing population: in the 20,000
years since the Last Glacial Maximum (LGM) the population grew from ca. 100,000 to
the current size of at least 1.5–2 million individuals (Zwarts et al. 2009, Chapter 3). In
the middle of the last century the migratory routes and breeding areas of ruffs
spanned the whole Eurasian continent (Fig. 10.1). The expansion over several migra-
tory routes and breeding areas appears relatively recent; the populations at breeding
locations ranging from Scandinavia to the far eastern Siberian Arctic have divergence
times that go back no longer than the LGM (Chapter 3). These populations are not yet
differentiated genetically. Our genetic data show that this is either because gene flow
has been very high (>10 individuals each generation), or because populations may
still share polymorphisms that existed in the ancestral population. The relatively
recent spread of ancestral polymorphisms across the breeding range during the recol-
onization of formerly glaciated areas can mimic the affects of widespread gene flow,
making the two processes effectively indistinguishable. In either case, there is no
genetic evidence for a developing geographic population structure in ruffs. Across
Eurasia ruffs are in apparent panmixia.
Another method to scan for apparent population structure is to connect staging
populations to their breeding areas, and thus determine a potential philopatry to
breeding sites. Connectivity between a staging site in The Netherlands and Arctic
breeding sites was discovered on the basis of wing length and timing of migration.
Shorter-winged ruffs passed through in late April and early May rather than in March
and early April, and individuals passing through in April and May were connected
with more easterly breeding locations, where wing lengths are shorter (Chapter 3).
This integration between timing, size and direction may be an indication that popula-
tion structuring is evolving. 
In recent times, ruffs have been subject to large changes, especially in the western
part of their Eurasian range (Delany et al. 2009). Ruffs are sensitive to the drainage of
wet grasslands, commonly an effect of agricultural intensification (Thorup 2006). This
has lead to decimation of the temperate European breeding populations over the last
decades (Hötker 1991; Zöckler 2002; Thorup 2006). Currently, breeding populations in
temperate Europe comprise less than 5% of the global population. Ruffs can now
safely be considered a Arctic-breeding bird (Zwarts et al. (2009), Chapter 8). We
discovered that this sensitivity to land drainage extends to the habitat requirements of
ruffs on migration (Verkuil & de Goeij 2003). 
Many ruffs from the passage population in The Netherlands were individually
marked by collaborating with traditional bird catchers in Fryslân, who are very skilled
at catching birds (Chapter 6). Subsequently, observers throughout Europe and adja-
cent parts of Russia and the Sahel region in Africa sent us observations of marked
136 Chapter 10ruffs. Furthermore, colleagues and research teams in Minsk (Belarus) and Moscow
(Russia) collected data in the eastern range of ruffs, so we could jointly analyze long-
term databases on migratory and breeding ruffs from a large part of the range. On this
basis we describe shifts of migratory routes leading to different breeding locations
(Chapter 7 and 8). Interestingly as much as tragically, rapid changes in agricultural
land use in the Frisian staging site created a large scale experiment that could be used
to understand the flexibility in the use of migration routes.
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Figure 10.1. Distribution of ruff
Philomachus pugnax. Upper panel:
inferred historical distribution during the
Last Glacial Maximum when ruffs most
likely were using one continuous
refugium (see Chapter 3). Middle panel:
current distribution of ruff as determined
by census counts during the last decades
of the 20th century (Delany et al. 2009,
Zwarts et al. 2009). Lower panel:
expected distribution assuming that the
current shifts in migratory and breeding
population (see Chapter 7 and 8) will not
be halted.Several lines of evidence suggest that ruffs have flexible migration routes, a first
indication for a change of migration routes within a single generation in a species
where juveniles do not migrate with their parents (Sutherland 1998). At our main
study site in the province of Fryslân in The Netherlands, the largest staging site in
Western Europe (Wymenga 1999), we observed a steady decline in numbers and both
a decline in refueling rates and in growth of male sexual ornaments (Chapter 7).
Declines in staging ruff population amounted to over 6% per year in the last decade,
which is twice as high as the decline of the European breeding population. This
decline was attributed to changes in agricultural land use. After the preferred herb-
rich grassland with high water tables disappeared ruffs had switched to using
manure-injected Lolium perenne monocultures, however, these ‘habitats’ were only
available in limited amounts during the passage period. The decline in The Nether-
lands was mirrored by an increase in numbers and an earlier arrival of migrant ruffs
at a next major staging area eastwards, the Pripyat in Belarus, which was studied
during the same spring seasons (Chapter 7). The concordant changes in numbers, and
especially, the appearance of a new cohort of earlier migrants in Pripyat, suggests that
individual ruffs previously staging in The Netherlands shifted to using eastern
staging sites as far as Pripyat, which is 1500 km east of Fryslân. The successive resight-
ings of individually marked birds in each of the two passage populations, supports
the notion that range shifts are induced by individuals sampling for suitable migra-
tion routes (Chapter 7).
An analysis of the online database of the International Breeding Conditions Survey on
Arctic Birds (Soloviev & Tomkovich 2009) indicated that in the 1990s, and again in the
past few years, ruffs are declining in the European part of their Arctic breeding range
with a rate of 2–3% per year (Chapter 8). As the Arctic is less affected by land use
changes (Zöckler & Lysenko 2003) and areas are equally affected by climate change
(Chapter 8) we concluded that this decline cannot be attributed to habitat changes in
the breeding areas but rather represents a secondary effect of the abandonment of the
western migration routes. In this context it is striking that declines along the western
route and in the western Arctic breeding areas occurred synchronously over the last
two decades (Chapter 8). In contrast, the more eastern populations of Western Siberia
east of the river Ob have been increasing (Chapter 8). Thus it looks as if ruffs now mi-
grate further east and therefore breed further east. Analyses of ringing recoveries in
the EURING database confirm this connection of eastern flyways with eastern breed-
ing areas (Delany et al. 2009; Zwarts et al. 2009)). Ruffs are rapidly becoming a Asian
breeding bird. The historical range expansion after the Last Glacial Maximum is cur-
rently in a remarkable phase of range retraction away from Western Europe (Fig. 10.1).
The observed population shifts might be largely caused by large-scale dispersal of
individuals. Alternatively, mortality may have increased. Ruffs winter mainly in
Africa, where they are subject to unpredictable ephemeral habitats that have lead to
large-scale mortalities in the recent past (Zwarts et al. 2009). However, in the last
decade the West African wintering conditions have been favourable and relatively
stable (Zwarts et al. 2009). In the Sahel, local hunting pressure on ruffs can be very
138 Chapter 10high, especially in dry winters (Zwarts et al. 2009), but the annual harvest largely
affects females but not males. We thus suggest that the population changes observed
in the male-biased Dutch migrants are mainly a consequence of range shifts during
migration (Chapter 7), which have produced an expansion of breeding sites further
east (Chapter 8). Because time series of several years are needed to obtain reliable esti-
mates of annual survival, the continuation of the demographic and migration studies
upon which this thesis is based should enable us to reach firmer conclusions. In the
near future our study on ruffs will be sufficiently long-term to allow demographic
analyses that can partition apparent annual survival into a component of site fidelity
and true annual survival (Sandercock 2003, 2006).
Synthesizing aspects of ruff migration ecology presented in this thesis, I conclude
that migration cán be highly flexible in shorebirds, contrary to Sutherland (1998) who
suggested that migration routes would generally be genetically constrained in shore-
birds. The consensus was that in shorebirds where juveniles migrate independently,
the flexibility of migratory routes might be genetically constrained and changes can
occur only within a few generations through evolutionary processes. In contrast, in
species where young migrate with their parents and migration routes involve
learning, these routes are in part culturally determined and more plastic. Our data of
colour-marked individuals using routes 1500 km apart show that ruffs are not hold
back by genetic programs to explore alternative routes.
Population histories of shorebirds
“Habitat selection, population size, migration strategies, and disease resistance may all be linked to the
same historical web of causality” (Piersma 2003)
The second goal of this thesis was to test the habitat dichotomy hypothesis. This hypoth-
esis predicts a dichotomy in population genetics of shorebirds related to habitat
specialization (Piersma 1997; Piersma 2003). Coastal or marine shorebird species will
experience more population fluctuations as their habitats are scarcer than inland or
freshwater species. Hence coastal species will have lower genetic variation. If this
applies to additive genetic variation (e.g. genes coding for immunity), coastal species
might have lower immuno-competence than inland sister species. This confines them
to relative disease vector free habitats as the High Arctic tundra and marine habitats
(Mendes et al. 2005). In a changing world, the already smaller populations of coastal
species could easily undergo further reductions. Freshwater species use widely avail-
able inland habitats and hence are less susceptible to population fluctuations and will
have retained higher genetic variation and higher immuno-competence. 
The genetic variation of of a number of shorebird species lie on the gradient from
coastal to inland (Fig. 10.2) and show the expected increase in genetic variation across
this gradient (Table 10.1). This seems to fit the pattern predicted by the habitat
dichotomy hypothesis. This thesis shows that indeed, the population genetics of ruffs
in many ways is different from closely related shorebird species such as red knots
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Figure 10.2. Relationship between the mean heterozygosity of Calidris species (a measure of genetic
variability; and the rank number of the wintering habitat (where the lowest numbers refer to the most
marine habitat choice; see (Piersma 2003). 
Table 10.1. Life history traits and demographic parameters as inferred from mitochondrial control
region sequences of several calidridine sandpipers. LD, long distance; ELD, extreme long distance;
SD, short distance; temp, temperate; arc, arctic; n, number of individuals sequenced; nh, number of
haplotypes; π, nucleotide diversity (given are genetic variation amongst all haplotypes (between) and
the average variation within subspecies/sampling locations (within)); Nef, effective number of
females; BP, years before present; Species are dunlin Calidris alpina, red knot Calidris canutus, common
redshank Tringa totanus, blackwit (black-tailed godwit) Limosa limosa, comsand (common sandpiper)
Actitis hypoleucos and ruff Philomachus pugnax.   
Parameter/species red knot1 dunlin2 redshank3 blackwit4 comsand5 ruff6
Life history traits
Migration strategy ELD  LD SD LD SD LD
Breeding latitude high arc  temp-arc temp temp temp temp-arc
Wintering habitat marine  variable variable fresh fresh fresh
Population size 1.5*106  3*106 0.9-3*106 1*106 3*106 2-3*106
Demographics
Sample size (n) 91  208 56 109 70 118
Haplotypes (nh) 25 53 7 12 27 55
Nucleotide diversity (π)between 0.0020 0.0160 0.0013 high* 0.0016 0.0070
Nucleotide diversity (π)within 0.0020 0.0036 - low* 0.0042 0.0071
Genetic differentiation weak  strong strong strong none none
Gene flow (Nm) 10 1 <1 low* - (high)
TMRCA(BP) 20.000 200.000  22.000 - - 10.000
Effective population size (Nef) 4-14.000 10-44.000 2300 5-1200 - 11-44.000
Data from: 1. (Buehler & Baker 2005); 2. (Wenink & Baker 1996; Wenink et al. 1996b); 3. (Ottvall et al. 2005);
4.(Höglund et al. 2009)*; 5. (Zink et al. 2008) 6. Chapter 3. * no nucleotide diversity estimates provided; gene flow
estimates constrained by limited sampling.(Calidris canutus) and dunlins (Calidris alpina) (Wenink et al. 1993; Wenink et al. 1996a;
Buehler & Baker 2005; Buehler et al. 2006) (Chapter 3, Table 10.1). Unlike red knots,
neutral genetic variation in ruffs showed no signal of a population bottleneck in both
maternal and biparental genetic markers. Unlike dunlins, ruffs did not evolve geneti-
cally distinct populations, suggesting that populations were not separated in several
distinct refugia during the late Pleistocene glacial cycles. Unlike red knots and
dunlins, ruffs did not evolve distinct population-specific morphologies. However,
there is evidence that eastern birds are slightly smaller, although population struc-
turing in morphology is weak (Table 10.1, Chapter 3). In ruffs, the current division of
migratory routes is too recent and/or gene flow is too high to result in a genetic signa-
ture of population subdivision.
An explanation for the differences in population structuring and genetic variation
between these species may be found in difference in population histories, differential
susceptibility to demographic events or a difference in mutation rate (Avise 2004).
Most likely, during the LGM red knots suffered a severe population bottleneck which
decreased genetic variation (Buehler & Baker 2005). Adecrease in genetic variation
leads to a reduced immuno-competence, which restricts red knots to ‘low-infectious’
habitats such as marine wetlands and high Arctic tundra, which in turn makes them
even more prone to bottlenecks, e.g. through habitat destruction and climate change
(Buehler & Piersma 2008). Dunlins preserved genetic variation and developed genetic
structuring by surviving in different northern refugia (Buehler & Baker 2005), subse-
quently leading to the formation of different subspecies. They settle both in marine
and freshwater habitats and breed further south then e.g. red knots. Ruffs preserved
genetic variation without genetic structuring, probably by moving southwards
(Chapter 3). They breed at a larger range of latitudes than red knots, and they are
exclusively freshwater habitat specialists, where disease risks are higher (Mendes et al.
2005). 
Genetic variation is produced primarily by mutation and is affected by three main
processes: genetic drift, gene flow and selection (Maynard Smith 1989). So besides
habitat specialization, mutation rate, dispersal tendency and population size deter-
mine the extent to which a species becomes genetically structured. From the perspec-
tive of conservation biology the amount of genetic variation that exists in natural
populations is important; the viability of a species is largely determined by the
amount of adaptive genetic variation it harbours (McNeely et al. 1990) and this also
applies to fairly large populations (Lynch 1996). If severe population fluctuations are
common, serial loss of genetic variation is expected; also, long term effective size is
most affected by the lowest census population size (Frankham 1995a; Frankham
1995b). 
Although red knots, dunlins and ruffs seem to fit the pattern predicted by the
habitat dichotomy hypothesis, this comparison is not an appropriate test of the hypo-
thesis. The three species are closely related within the sandpipers, but they are not
sister species (Gibson 2009b). Thus genetic variation might vary because of differences
in life history traits and evolutionary history that correlate with habitat choice, rather
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Table 10.1 is based on one locus in the mitochondrial genome; the species history
might be obscured by the locus history, especially when the assumption of near-
neutrality is violated for a particular locus (Zink & Barrowclough 2008; Edwards &
Bensch 2009). Amultilocus, nuclear genome-wide comparison of genetic variation is
needed. However, in this comparison ruffs would not fit in. In ruffs the lek mating
system reduces the genetic variation in nuclear DNA(nDNA) (Chapter 4). Ruffs have
an equal amount of genetic variation in nDNAas in maternal inherited mitochondrial
genome while theoretically it should be 2 times higher. The lek mating system leads to
a skew in life time reproductive success of lekking males which reduces the bi-
parental effective population (Chesser & Baker 1996). In the following section we
present a more formal test of the genetic variation hypothesis.
Testing the habitat dichotomy/genetic variation hypothesis
“The field of population genetics has set for itself the tasks of determining how much genetic variation
exists in natural populations and of explaining its origin, maintenance and evolutionary importance”
(Hartl & Clark 1997)
As explained above, the habitat dichotomy hypothesis predicts that coastal shorebird
species have lower genetic variation than inland species. The World Conservation
Union (IUCN) has recommended genetic variation, along with species and ecosystem
diversity, as one of the three levels of biodiversity important for nature conservation
(McNeely et al. 1990). In this respect testing the habitat dichotomy hypothesis seems
especially important. We assume that (a) genetic variation should correlate with popu-
lation fitness, and that (b) population size itself is important for species fitness (Allee
effect, (Stephens & Sutherland 1999)). Empirical studies have shown that population
size and heterozygosity positively are correlated (Frankham 1995b). Most of these
studies use selectively neutral genetic markers which are good indicators of genetic
drift but may lose genetic variation more rapidly than loci related to fitness (Avise
2004). Yet, in general vertebrate populations with relatively high heterozygosity at
neutral loci have been shown to experience lower parasite loads, improved body
condition, faster growth rates and greater survivorship (Hoffman et al. 2009). Ameta-
analysis of both plant and animals (Reed & Frankham 2003) suggests that neutral
genetic variation could explain as much as 15–20% of variation in population fitness.
Also in birds there is a correlation between population viability and heterozygosity in
neutral markers (Evans & Sheldon 2008). 
To test the hypothesis about genetic variation, the long-term effective population
size (Ne) was measured as it allows comparing a measure of genetic variation with an
ecologically relevant parameter: the extant population size or census population size
(Nc). Nc of along the lineage leading to the modern populations is strongly correlated
with the amount of genetic variation in a population (Takahata & Satta 2002). The rate
at which genetic variation is lost from a population for nuclear DNAis relatively to Ne
142 Chapter 10as genetic drift depends on Ne (Frankham et al. 2004). Long-term Ne as measured by
neutral genetic markers bears the population history and its fluctuations in size. Since
in a time series the effective size over i generations is determined by the harmonic
mean and not the arithmetic mean, the long-term mean effective population size is
closest to the smallest Nei as Ne ~ t / Σ(1/Nei), where Nei is the effective size in the ith
generation and Ne is the long-term effective population size. This is because genetic
variation that is lost can only be regained after many generations (Frankham
et al. 2004). Large scale survey of genetic variation in wild populations showed that
the ratio Ne:Nc is on average 1:9 (Ne is 10% of Nc) (Frankham 1995a). This 10% level is
considered a ‘normal’ level of genetic variation in wild populations. Deviations from
this ratio Ne:Nc, will provide insight in genetic variation of populations, e.g. popula-
tion with relatively low genetic variation will have an Ne below 10% of Nc. To relate
the ratio Ne:Nc to variation in population history, five factors that determine effective
population size need to be considered:
1. Census population size (Nc): population size is directly related to effective popula-
tion size (Ne), i.e. the number of individuals that contribute to the next generation. 
2. Population size variation: population fluctuations reduce genetic variation. An
extreme example is a genetic bottleneck, leading to a sever reduction in genetic
variation. 
3. Deviations from the classic population model or the ideal population: non-random
mating, unequal sex ratio and overlapping generations decrease Ne.
4. Population structuring: restricted gene flow reduces genetic variation because
genes do not flow in from other populations. If population subdivision exists but is
not detected this can lead to overestimates of Ne.
5. Mutation rate: effective size scales to the mutation rate (µ) as follows, θ = 4 Neµ,
meaning that Ne increases with a decreasing mutation rate.
An approach to testing the habitat dichotomy hypothesis
We test the habitat dichotomy hypothesis that predicts that coastal shorebirds have
less genetic variation than inland shorebirds because coastal species have greater fluc-
tuations in population size (Piersma 2003). We expected the ratio Ne:Nc to be lower in
coastal than in inland waders, and compare ratios to the 1:9 ratio found in a large
survey of wild population (Frankham 1995a). We are interested in: (1) comparing the
demographic histories of species to explore the extent of population fluctuations and
(2) scaling the long-term ancestral effective sizes relative to extant population sizes.
We want to exclude (3) the effect of life history characteristics other than habitat
specialization, (4) the effect of population structure, and (5) variation in mutation rate.
We assume that mutation rate does not vary within closely related Scolopacidae
(Gibson 2009). Below, we explain how we account for the other two confounding
factors. For this analysis, we used multilocus genotype data, Short Tandem Repeats
(SRT) or microsatellites (see Chapter 9 and Box 1).
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nStep 1. Excluding the effect of deviations from the classic population model
Classic population genetic theory assumes an ideal population with an equal sex ratio,
random mating and non-overlapping generations. Deviations from this model will
change the effect of population size on genetic variation. To avoid this problem, we
tested the hypothesis by comparing two pairs of sister species to account for phyloge-
netic differences. The sister species contrast in habitat choice but have the same
mating system (monogamous pair bonds), equal generation times, equal reproductive
investment (clutch sizes of four) and equal proportions of sexually mature adults
(Piersma, van Gils & Wiersma 1996). In these species pairs the first species is the
coastal species that winters and migrates at the fringes of the continents in saline habi-
tats. The second species is the inland species which winters and migrates in fresh-
water habitat on the continent. Ruffs and red knots were initially considered a
possible species pair, but as the genetics of ruffs is strongly determined by the lek
system (Chapter 4), I omitted this comparison. The species pairs included are (1) bar-
tailed godwit Limosa lapponica and black-tailed godwit Limosa limosa, and (2) grey
plover Pluvialis squatorola and golden plover Pluvialis apricaria. For bar-tailed godwits
two subspecies were included in the analysis, the nominate L.l. lapponica and L.l. baueri,
which both live in marine coastal habitat. 
Step 2. Excluding hidden population structuring
Ne is equivalent to the number of breeding individuals (NT) in an ideal population.
Ne is also dependent on the population structuring index Fst in the following way:
Ne = NT/ (1-Fst). This means that in a geographically structured population (Fst > 0),
part of the genetic variation will be attributed to subpopulation differentiation and
then Ne > NT (Takahata & Satta 2002). We tested for population substructuring within
samples by (1) performing pairwise Fst tests on a priori assigned putative populations
(performing analysis of genetic variation in ARLEQUIN 3.11 (Excoffier & Schneider
2005)), and in FSTAT assuming (no Hardy Weinberg equilibrium within samples,
(Goudet 1995)) and (2) inferring hidden population structure by individual-based
clustering of genotypes using the program STRUCTURE 2.2 (Pritchard et al. 2000).
This Bayesian method estimates the probabilities of a numbers of populations (Ln
P(X|K, where K is putative number of clusters) among the pooled genotypes. We
used the correlated allele frequency model that slightly decreases the risk for under-
estimating K. For each data set we tested with initial runs whether the asymmetric or
symmetric admixture model was more appropriate. For the final run, we ran 10 inde-
pendent tests for each K, with K ranging from 1 to 5; burn-in and iteration values were
set at 200,000 and 1 million. The log probabilities (Ln P(X|K) were used to calculate
the posterior probabilities of K (see Chapter 3 for a comprehensive description of
methodology).
The golden plover genotypes were collected at single Dutch wintering/spring
staging site, hence no a priori grouping was expected. The Bayesian clustering
analyses in STRUCTURE did not detect significant population subdivision (Pr (K=1) =
0.9) within this sample. The grey plover samples were assigned to the flyway along
146 Chapter 10which samples were collected (in Australia or Brazil). Most of the genotypic variation
was within these flyway populations (99.5%). Population segregation was not signifi-
cantly different from zero (Fst = –0.0027, p = 0.55), so for subsequent analyses we
pooled the genotypic samples. The Bayesian clustering analyses in STRUCTURE did
not detect significant population subdivision (Pr (K=1) = 0.9) with this pooled sample.
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Table 10.2. Overview of population sizes of shorebird species covered in this chapter. HBW refers to
Handbook of the Birds of the World (Piersma et al. 1996). IUCN to population estimates available on
http://www.birdlife.org/datazone/species/index.html. Included are populations in the species pair
analyses presented in this chapter; NL= The Netherlands.   
Species HWB population size HBW total IUCN size
subspecies min max min max min Max
Knot (Calidris canutus)
C.c.islandica 345,000 500,000 1,240,000 1,445,000 1,100,000 1,100,000
C.c.canutus 520,000 520,000
C.c.rogersi 255,000 255,000
C.c.roselaari 20,000 20,000
C.c.rufa 100,000 150,000
Dunlin (Calidris alpina)
C.a.arctica 15,000 15,000 2,859,000 3,009,000 4,600,000 6,500,000
C.a.schinzii 821,000 821,000
C.a.alpina 1,373,000 1,373,000
C.a.sakhalina 100,000 100,000
C.a.pacifica 450,000 600,000
C.a.hudsonia 100,000 100,000
Ruff Philomachus pugnax 1,000,000 2,000,000 1,000,000 2,000,000 2,000,000 2,600,000
Black-tailed godwit (Limosa limosa)
L.l.limosa (NL) 170,000 200,000 360,000 427,000 630,000 805,000
L.l.islandica 65,000 65,000
L.l.melanuroides 125,000 162,000
Bar-tailed godwit (Limosa lapponica)
L.l.lapponica 700,000 800,000 1,092,000 1,192,000 1,100,000 1,200,000
L.l.menzbieri 165,000 165,000
L.l.baueri 102,000 102,000
L.l.baueri or menzbieri 125,000 125,000
L.l.baueri & menzbieri 392,000 392,000
Golden plover (Pluvialis apricaria)
P.a.apricaria 1,218,000 1,800,000 1,218,000 1,800,000 640,000 1,200,000
P.a.altifrons ??
Grey plover (Pluvialis squatarola)
East Atlantic Flyway 140,000 170,000 215,000 320,000 360,000 360,000
Australasian Flyway 25,000 100,000
Americas 50,000 50,000
Aus-American Flyway 75,000 150,000The bar-tailed godwit samples were collected in The Netherlands during north-
ward migration (samples were assigned to be lapponica subspecies) and in Alaska,
Australia and New-Zealand (samples were assigned to be baueri subspecies)
(Table 10.2). Samples were divided by putative subspecies and we detected significant
segregation between them (Fst = 0.037, p = 0.007), although most genotypic variation
was within putative subspecies (96.3%). The black-tailed godwit samples were
collected in The Netherlands (samples were assigned to be limosa subspecies) and in
Vietnam and Australia (samples were assigned to be melanuroides subspecies) (Table
10.2). Samples were divided by putative subspecies and significant segregation was
detected (Fst = 0.023 p = 0.027); again most genotypic variation was within putative
subspecies (97.7%). For bar-tailed godwits, subsequent analyses were performed sepa-
rately for each subspecies. For black-tailed godwits only samples from the limosa
subspecies were further analyzed, as the sample size for melanuroides was small
(Chapter 9). The Bayesian clustering analyses in STRUCTURE did not detect signifi-
cant population subdivision (Pr (K=1) = 0.9) within subspecies.
Step 3. Measures of genetic variation
For the two species pairs we compared the following population genetic statistics:
Nei’s gene variation (H) which is the same as the expected heterozygosity (He), allelic
richness (As) and the variance parameter theta (θ). At neutral loci, population fluctua-
tions lead only to a limited decrease in H (Nei, Maruyama & Chakraborty 1975) and
hence As is a more useful in identifying historical processes as it is highly depended
on effective population size (Widmer & Lexer 2001). Theta (θ) was used to calculate
Ne by θ = 4 Neµ, where µ is the mutation rate (Rosenberg & Nordborg 2002; Wakely
2007). To estimate θ, Coalescent theory was used, as implemented on the programme
LAMARC (Kuhner 2006) that allows analysis of single, non-equilibrium populations
(Excoffier & Heckel 2006). For all runs, curve-files were plotted to assess the shape of
the posterior probability distributions. The Bayesian brownian motion model was
used, which is a continuous modification of the discrete stepwise mutation model. Six
short initial runs were performed to ensure that estimates converged and to determine
how many trees needed to be sampled to obtain unimodal posterior probabilities.
Subsequently one long run was executed with priors for θ set at 0.001–30, which
sampled 50,000 trees, with sampling increments of 100. Adaptive heating was set to
three, meaning that the parameters space was sampled by three simultaneous chains.
We discovered a possible ascertainment bias, as the lengths of the microsatellites were
generally smaller in the species in which they were cross-amplified than in the species
from which genome libraries were developed (see Box 2). Hence estimates of genetic
variation were plotted against maximum repeat length to account for this bias
(Fig. 10.3).
Step 4. Calculating effective population size 
To calculate Ne using θ = 4 Neµ, for µ, we assumed a typical vertebrate mutation rate
of 10-4 mutations per locus per generation, taken from fig. 3 in Whittaker et al. (2003),
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Figure 10.3. Measures of genetic variation in two species pairs of inland and coastal shorebirds:
golden plover (Pluvialis apricaria) and grey plover (Pluvialis squatarola), black-tailed godwit (Limosa
limosa) and bar-tailed godwit (Limosa lapponica lapponica and L.l. baueri). For comparison also the ruff
(Philomachus pugnax) is included. The measures of genetic diversity were plotted against the
maximum allele size of the markers to correct for a possible ascertainment bias (see Box 2). where mutation rate of microsatellites for repeat lengths are given for mammals. Birds
have fewer microsatellites than mammals but characteristics such as length, allele dis-
persion and range of allele sizes do not vary between birds and mammals, indicating
that mutation rates are comparable (Neff & Gross 2001). To keep this species compar-
ison conservative, and to account for slower mutation rates in loci with shorter repeat
lengths (Whittaker et al. 2003), we present a range of estimates for Ne, assuming 2×
and 5× slower mutation rates. We compared the maintenance of genetic variation in
each species by assessing the estimate of Ne/Nc. Census population size is given in
Table 10.2. 
Contrasting genetic variation, contrasting demographic histories?
“The study of the relationship between genetic variation and evolutionary adaptation must be high on the
agenda of evolutionary biology” (Hartl & Clark 1997)
Genetic variation was significantly lower in the inland species, golden plover and ruff,
than in all other species (Fig. 10.3). In ruffs, the lek system leads to a strong skew in
male life-time reproductive success which has a negative effect on genetic variation in
nDNA(Chapter 4). It is remarkable that golden plovers scales so low as this species
has a large population census size and no lek mating system (Table 10.2). In godwits
there was no variation in genetic variation between species. 
For a realistic species comparison, the values of genetic variation need to be scaled
against population size. In the coastal species, in baueri bar-tailed godwits and grey
plovers the ratio of the effective population size Ne and the census size Nc were largely
congruent with the theoretical expectation as Ne estimates overlapped with the area
covering 10% of the census population size. However, in the coastal lapponica subspecies
of bar-tailed godwits Ne was lower than 10% of Nc (Fig. 10.4). In the inland species, the
Ne of black-tailed godwits fell within the 10% range, but in golden plover the effective
population size was considerably lower than 10% of Nc, even when assuming a low
mutation rate. Note that for bar-tailed godwits and golden plovers we assumed low
mutation rates as genetic markers had generally shorter repeat lengths which negatively
150 Chapter 10
Figure 10.4. (right) Comparison between inland and coastal shorebirds of the census population size
(as given in Table 10.1) and the long-term effective population size (Ne). Included species are (A)
golden plover (Pluvialis apricaria), (B) grey plover (P. squatarola), (C) black-tailed godwit (Limosa
limosa, subspecies limosa), (D) bar-tailed godwits (Limosa lapponica, NL=subspecies lapponica and AA=
subspecies baueri). Left panel: maximum census population size as given in Table 10.2. Right panel:
effective population size, derived from θ = 4 Ne· µ, where the variation parameter θ was estimated
with coalescent-based analyses. The upper and lower dashed lines around the mean (solid line) indi-
cate 95% confidence intervals (note that estimates of lapponica subspecies overlap). To account for the
ascertainment bias (Box 2), the estimates were plotted against a range of mutation rates (µ). For each
species the range of estimates that was considered unbiased is indicated in grey. Species are colour-
coded, with dark grey being inland species and light grey being the coastal species. Horizontal bars
indicate the expected Ne, based on the 10% rule from Frankham (1995a); estimates and expectations
are congruent when shaded data areas overlap with an equally colored horizontal bar. 151
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0affects mutation rate (for details see Box 2). After correcting for this lower mutation
rates, Ne in golden plovers and lapponica godwits still was below 10% of Nc.
Results for the two species pairs are not congruent with the habitat dichotomy
hypothesis, where coastal species should show generally lower genetic variability
than inland species. The inland golden plover has significantly lower genetic variation
than the coastal grey plover. And both the inland limosa black-tailed godwit and the
coastal baueri bar-tailed godwit had higher genetic variation than the coastal lapponica
bar-tailed godwit (Fig. 10.4). We assume that genetic variability is driven by other
variables than habitat choice alone and consequently reject the habitat dichotomy
hypothesis. This is supported by a recent review produced during the demographic
workshop of the Global Flyway Network (Winkler, Both, Senner & Piersma, pers. comm.).
If coastal species were indeed genetically impoverished we would expect that adult
annual survival might be affected (Evans & Sheldon 2008). This was not the case; the
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Box 2. Microsatellites as marker for population history: methodological caveats
Mircosatellite markers are widely used markers in population genetics, however using
allele frequencies instead of sequence data to infer the history of the genome has draw-
backs (Zink 2010). To ascertain that the microsatellites applied in this study, most accu-
rately reflect genome-wide genetic variation we accounted for the following:
1. Ascertainment bias
Microsatellites might be less reliable markers to estimate population parameters in species
for which the microsatellites were not characterized (Vali et al. 2008). This so-called ascer-
tainment bias predicts that microsatellite loci are longer in the species from which they
originated as compared to the homologues in the other species (Neff & Gross 2001). This
bias would lead to generally longer allele sizes in the original species (Petit et al. 2005). We
indeed observed longer repeats lengths in the original species. In godwits also the number
of markers with null alleles increased with cross-amplification between species (Box 1). To
correct for this bias, we standardized results for repeats length (Fig. 10.3) (Petit et al. 2005)
and assumed lower mutation rates in cross-amplified species (Fig. 10.4) (Neff & Gross
2001).
2. Variation in allelic diversity of markers
When using a low number of markers, this randomly chosen set of markers might be not
representative of the genome and might over- or underestimate allelic variability.
Heterozygosity and allelic richness increase logarithmically with the number of alleles
present. For this reason we analyzed statistics on genetic variation including the number of
alleles in our models. Also the coalescent based estimates of Ne as in θ = 4Ne· µ, accounts
for variance of allele diversity in the model (Widmer & Lexer 2001; Kalinowski 2004). See
also Leberg (2002); Aparicio et al. (2006).
3. Homoplasy
Genetic polymorphism might go undetected due to homoplasy: different alleles can have
the same length/repeat numbers. Complex microsatellites might not follow the assump-
tions of stepwise mutation model. See Li et al. (2002) for discussion on the role of two puta-
tive mutational mechanisms, replication slippage and recombination, and their interaction
in allelic variation. We follow Sun et al. (2009) who demonstrated that for human studies
microsatellites are accurate molecular clocks for coalescent times of at least 2 million years.  trends in apparent annual survival did not vary between coastal and inland species
(Fig. 10.5). It remains possible that the variation in annual survival is different between
the coastal and inland species. Alternatively, the population size of these groups can
be affected by differences in breeding success, but this remains to be tested.
This leaves the question why golden plovers and lapponica bar-tailed godwits have
such low genetic variation. Ne is about 6% of Nc (using 95% confidence border) in
lapponica godwits and around 3% of Nc in golden plovers (Fig. 10.4). For golden
plovers, part of this deviance could be explained by a large uncertainty in census esti-
mates (Table 10.2, (BirdLife International (2009)). If we assume that the lower census
estimates are more realistic than Ne is 5% Nc, which is still much lower than 10%.
There is no reason to assume that the proportion of breeding adults is lower in these
two species than in their sister species and we did not detect sub-structuring in any of
the (sub)species, so I conclude that both golden plovers and lapponica bar-tailed
godwits have probably experienced more population fluctuations than their close
relatives (see Maruyama & Kimura (1980)). 
Golden plovers are dependent on agricultural habitats which make them sensitive
to changes in land management (Gillings et al. 2007), but this does not apply for
lapponica bar-tailed godwits who winter in the Wadden Sea (Scheiffarth 2001). Ashared
trait of golden plovers and lapponica bar-tailed godwits is that they winter in
Northwest Europe (Gillings 2003; Scheiffarth 2003). They move in winter with the frost
line, use large ranges (Gillings et al. 2006) and have high energetic demands
(Scheiffarth et al. 2002). Also within red knots, the northerly wintering islandica
subspecies of red knots has larger home ranges than the subspecies wintering in the
tropics (Leyrer et al. 2006) which make them vulnerable. Golden plovers store mid-
winter reserves (Piersma & Jukema 2002), as many northerly wintering shorebirds (see
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Figure 10.5. Apparent annual survival rate of a range of inland and coastal shorebird species in rela-
tion to body mass (ln, gram). Courtesy D. Winkler and C. Both, Global Flyway Network, Demo-
graphics Workshop September 2009. fig. 2-4 in Scott et al. (1994) to insure against risks with of winter starvation. Still in
golden plovers, reduced survival rates after cold winters has been reported (Piersma et
al. 2005), see also (Zwarts et al. 1996). Hence, wintering at northern latitudes might lead
to occasional large-die offs and hence larger population fluctuations.
Concluding, an alternative hypothesis to the habitat dichotomy hypothesis that
would explain our results is that wintering at northern latitudes would lead to
frequent population fluctuations and reduce genetic variation. Indeed in golden
plover winter mortality can be go up to extreme levels in harsh winters (Piersma et al.
2005). This is consistent with the observation that across 60 vertebrate species genetic
divergence of populations is reduced at higher latitudes which could be attributed to
cold temperatures and low energy availability during high latitude winters leading to
high risk of mortality in populations (Martin & Mckay 2004). 
The lower genetic variation in golden plovers and lapponica bar-tailed godwits
might mean that population viability is low (Evans & Sheldon 2008). To explore this
further we would need to know the effect of population fluctuations on additive
genetic variation and the phenotype. Do these populations run a higher risk of the
fixation of deleterious genes, or are they prone to lose beneficial genes by drift? Lynch
(1996) explored the effect of population fluctuations on the trait fixation and showed
that “even large populations are unlikely to sustain rates of environmental change that exceed
a few percent of a phenotypic standard deviation per generation. The practical implication of
these results is that sustained periods of environmental change of fairly small magnitudes can
eventually cause the selective mortality of a population to exceed its demographic potential”.
It would be worthwhile to investigate whether the long-term variation in annual
survival in golden plovers is larger than in related species and whether it might be
related to accumulation of deleterious genes or loss of genetic variation in trait
complexes like the immune system (Aubin-Horth & Renn 2009).
Future directions
In this synthesis I showed that there is significant variation in levels of genetic poly-
morphism in the nuclear genome between shorebird species. The between-species
variation did not follow the predicted dichotomy between inland and coastal species.
Both an inland plover (Pluvialis apricaria) and a subspecies of the coastal godwit
(Limosa lapponica lapponica) had very low genetic variation. I suggest that instead of the
coastal-inland dichotomy, the contrast between wintering at unpredictable northern
and more predictable southern latitudes determines differences in genetic variation in
shorebirds. Northern wintering populations may have lower genetic variation than
southern wintering populations because cold temperatures and low energy avail-
ability during some northern winters cause higher mortality and incidental extinc-
tions. Our approach of comparing closely-related species pairs with a high similarity
in life-history traits allowed us to conclude that this is a consequence of variation in
historical demography, e.g. in the number or magnitude of fluctuations in population
154 Chapter 10size of these species. However, this needs to be confirmed by a phylogenetically
controlled test on a larger number of species. Future studies should test whether (1)
northern wintering populations have lower genetic variation and (2) northern popula-
tions have lower annual survival rates due to the frequent population fluctuations as
predicted by the model of Lynch (1996).
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De ongrijpbare kemphaan:
populatieveranderingen
van toen en nuVoortbouwend op 10 jaar onderzoek door de Fryske wilsterflapper Joop Jukema en
zijn collega’s, begonnen we in 2003 aan een onderzoek aan de voedselecologie van
doortrekkende kemphanen in Fryslân. Vanaf 2004 financierde de Rijksuniversiteit
Groningen een nieuwe lijn van dierecologisch onderzoek: een vergelijkende studie
naar de manier van leven van binnenlandse en kust-steltlopers. De kemphaan is een
van de binnenlandse soorten van dit studieprogramma. We wisten nog veel te weinig
over trekroutes en de geschiedenis van deze prachtige steltlopersoort. Het doel was
om inzicht te krijgen in de trekroutes, de relatie tussen overwinterings- en broedge-
bieden, en in de populatieontwikkelingen van kemphanen. Maar wat begon als blij-
moedige, wetenschappelijke nieuwsgierigheid ontwikkelde zich tevens in het getuige
zijn van een teloorgang. Ons onderzoek heeft echter ook voldoende opgeleverd om tot
een betere bescherming van doortrekkende kemphanen te komen. Ook hebben we
hoopvol nieuws over broedvogels.
Kemphanen horen bij het vanouds natte Nederlandse landschap
Kemphanen komen voor in de binnenlandse graslanden, moerasachtige gebieden en
vloedvlaktes van Europa, Azië, Afrika en India. Kemphanen, maar vooral
kemphennen, houden van nattigheid. In een beschrijving door Duitse en Russische
onderzoekers die zoveel mogelijk broedbiotopen van steltlopers in de arctische
gebieden bezochten (daar broeden de meeste kemphanen), valt op dat kemphennen
overal in de natste biotopen werden gevonden. Als je in juni in het hoge noorden in de
insectrijke drassige taiga of toendra zoekt vind je de hennetjes in dichte pollen gras.
De onopvallende kemphennen verstoppen zich goed om te broeden. De felgekleurde
hanen broeden niet: ze verzamelen zich op de wat hoger gelegen baltsplaatsen, waar
ze dansen en vechten om de gunsten van de vrouwtjes. Na het baltsen vertrekken de
mannen weer naar het zuiden. Ze bemoeien zich niet met de zorg om de kuikens. 
De vlakke, drassige weilanden die door mensenhand zijn ontstaan in rivierdelta’s
en moerassen van Noordwest-Europa bleken zeer geschikt voor kemphanen en
andere vogelsoorten die we ‘weidevogels’ noemen. Door de eeuwen heen werden de
gecultiveerde graslanden bevolkt door een verscheidenheid aan vogels. De meeste
soorten brengen de winter door in het warme zuiden en migreren elk jaar naar de
noordelijke graslanden. Nog tot een jaar of tien geleden kende elke Nederlander de
geluiden van de polder in het voorjaar: een lucht vol met roepende grutto’s en
zingende leeuweriken. Kemphanen zingen niet, maar brengen spektakel en kleur in
het landschap. Helaas leidde de sterke ontwatering van de graslanden tot een snelle
intensivering van het landgebruik: een steeds hogere mestgift en sterke toename van
de grasproductie waardoor eerder en steeds vaker werd gemaaid en/of beweid met
158 Samenvattingmeer vee. En hoewel ze nog niet verdwenen zijn, nemen de meeste typische weidevo-
gels sterk af. Kemphanen waren de eerste weidevogels die het veld ruimden. Van de
grote aantallen kemphanen die tot aan de jaren vijftig in West-Europa baltsten en
broedden is nu minder dan 10% over. De laatste schattingen voor West-Europa
gemaakt in 2006 door de Deen Ole Thorup stokte bij 2000 broedende hennetjes. De
meest recente schatting van SOVON voor Nederland kwam uit op enkele tientallen
kemphennen, maar in 2009 werden nog maar zeven hennetjes ontdekt. Dat is heel
weinig, zeker als je bedenkt dat er tienduizenden zijn die elk jaar vanuit West-Afrika
door West-Europa trekken op weg naar de broedgebieden. 
Een grote wereldbevolking
Kemphanen hebben een enorm broedgebied dat zich uitstrekt van Nederland tot
Oost-Siberië. Het overgrote deel, 95%, is toendra. De meeste kemphanen die in het
voorjaar door Nederland en de rest van Europa trekken, broeden dus elders. Ons
eigen kleurringonderzoek en lange–termijn ringonderzoek, gepresenteerd in het
prachtige boek over de Sahel “Living on the Edge”a laat dat duidelijk zien. Het totale
aantal broedvogels in dit enorme verspreidingsgebied is groter dan 2 miljoen. Op
wereldniveau zijn de 2000 overgebleven West-Europese hennetjes dus zo goed als
onzichtbaar, en de enkele Nederlandse al helemaal. Dat maakt het drama van de
verdwenen kemphaan niet kleiner, maar eerder groter. Veel terreinbeheerders in
Nederland willen de kemphanen graag teruglokken met goed beheer. Kan dat? Zijn er
nog genoeg kemphanen? Om te zien wat nu precies het probleem is voor broedvogels
kunnen we helaas niet meer de broedpopulatie bestuderen, want die is inmiddels in
Nederland zo goed als verdwenen. Maar misschien kan het antwoord worden
gevonden als we nauwkeurig de doortrekkers bestuderen of de ontwikkeling in West-
Europa tegen het licht houden van de populatiebiologie in het totale verspreidingsge-
bied. Dat zijn precies de onderwerpen waar dit proefschrift over gaat.
Vaste trekroutes?
Om meer zicht te krijgen in het leven van de kemphaan – hoe trekken ze, waarheen en
waar vandaan- gaven we samen met de Fryske wilsterflappers (Box 1), meer dan 5000
kemphanen kleurringen. Ons studiegebied was de Zuidwesthoek van Fryslân, dé plek
in Nederland voor doortrekkende kemphanen. Nog maar kort geleden pleisterden er
elk voorjaar zo’n 40.000! De kemphanen werden gevangen, geringd, gemeten en
gewogen door de wilsterflappers, en gekleurringd en nauwkeurig beschreven door
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Nederlandse studenten, en jonge biologen uit Venezuela, VS, Duitsland, Frankrijk,
Engeland en Schotland die vrijwillig meehielpen om onderzoekservaring op te doen;
een succesvolle strategie want vijf van hen doen nu zelf promotieonderzoek. 
Ringonderzoek in de jaren ’80 van de vorige eeuw van de Duitse ‘Ornithologische
Arbeitsgemeinschaft Münster’ toonde aan dat Nederlandse doortrekkers in West-
Afrika overwinteren. Uit het ringen, wegen en meten van de Nederlandse kemphanen
werd onder meer duidelijk dat de vogels vermoedelijk in één keer van West-Afrika
naar ons land vliegen (5000 km!). In West-Afrika vet de kemphaan op tot zo’n 250
gram, en bij aankomst in Nederland weegt hij 180 gram. De 70 gram daartussen is
precies wat nodig is voor het vliegen. Kemphanen stoppen en eten onderweg dus niet. 
Kemphanen arriveren in Nederland vanaf eind februari – begin maart, de laatste
vogels trekken half mei weer verder. Het zijn aanvankelijk vooral mannen, later
voegen de hennen zich daarbij. Tijdens hun verblijf leggen ze nieuwe lichaamsre-
serves aan en de mannen ruien de kraagveren. Dat kost tijd. Ons kleurringonderzoek
liet zien dat de gemiddelde verblijftijd van een individuele man ongeveer 3 weken is.
Mannen en vrouwen verschillen niet alleen in grootte maar ook in trekroutes. De
meeste vrouwtjes trekken langs meer oostelijke routes van Afrika naar de broedge-
bieden en laten Nederland links liggen. De relatief kleine aantallen vrouwtjes die de
westelijke route kiezen en in Fryslân pleisteren, komen pas eind april. Omdat we er
niet veel vingen en kleurringden weten we niet hoe lang een individuele kemphen
hier verblijft. Ook het overwinteringsgebied verschilt. Voor de mannen is het zaak om
tijdig in het broedgebied te zijn en daarom overwinteren mannen noordelijker dan
vrouwen. De hennen overwinteren tot in zuidelijk Afrika; mannen vooral in West-
Afrika en zelfs in Noordwest-Europa. Er zijn ook overwinteringsgebieden in Oost-
Afrika en India, maar deze kemphanen trekken niet door Europa. 
Naast Fryslân zijn er meerdere belangrijke pleisterplaatsen voor kemphanen bekend;
de twee voornaamste zijn de Pripyat-delta in het zuiden van Wit-Rusland, en wat
verder naar het oosten, de Sivash, op de Krim (Oekraïne). In de Pripyat-delta in Wit-
Rusland, het gebied dat het dichtst bij Nederland ligt, wordt sinds 2001 vergelijkbaar
ringonderzoek gedaan door Natalia Karlionova en Pavel Pinchuk, een gedreven onder-
zoeks-echtpaar uit Minsk. Vanaf het moment dat we ontdekten dat we een passie voor
kemphanen deelden, ontstond een vruchtbare samenwerking. Samen ontdekten we
dat de conditie van kemphanen die in het voorjaar aankomen sterk correleert met de
mate van overstroming van de Sahel in de winter. Hoe groter het overstromingsgebied,
des te beter voor de kemphanen, die ook in de winter van natte habitats houden. Het
zogenaamde ‘carry-over effect’ van overwinteringsomstandigheden in de Sahel volgde
160 Samenvattinghetzelfde jaar-tot-jaar patroon in Pripyat en in Fryslân. Dit komt omdat ook de
kemphanen uit de Pripyat in de Sahel overwinteren. Het ringonderzoek gepresenteerd
in “Living on the Edge” laat zien dat beide gebieden connecties met de Sahel hebben.
Dat kemphanen uit beide doortrekgebieden tot dezelfde populatie horen werd
bevestigd door meetgegevens en ons genetisch onderzoek: kemphanen in beide
gebieden zijn van hetzelfde formaat en hebben dezelfde genen. Opvallend was dat we
eigenlijk nooit elkaars kemphanen terugvingen. Hoe kon dat nou? Een opvallend
verschil tussen de doortrekkers van Fryslân en Pripyat is de timing van de trek. De
doortrekperiode is ongeveer gelijk, van maart tot en met mei, maar het hoogtepunt
van de doortrek in Pripyat valt zo’n twee weken later. In Pripyat ligt de piek voor
zowel mannen als vrouwen begin mei; in Fryslân is dat half april voor mannen en
eind april voor vrouwen. Blijkbaar gebruiken meer oostelijke broeders, die later uit de
overwinteringsgebieden migreren, de Pripyat en komen de westelijke broeders hier
door. Dit past opnieuw in het patroon geschetst in “Living on the Edge”: de wegtrek
vanuit de Senegal delta is vroeg en betreft vermoedelijk de westelijke doortrekkers en
de wegtrek vanuit Mali is wat later, met vooral (maar niet alleen) oostelijke doortrek-
kers. Als vogels heel plaatstrouw zijn aan hun trekroutes verklaart dat dat we elkaars
vogels niet vingen. Zo was het. 
Kemphanen in de ‘jarre’
Gedurende de jaren van intense samenwerking met de Fryske wilsterflappers,
klaagden de wilsterflapper steeds vaker over het afnemen van de vangsten. Ze
moesten meer uren in het veld staan om de jaarlijkse 500-1000 kemphanen die we
wilden kleurringen, te vangen. Toen we de telgegevens van slaapplaatstellingen,
verzameld door vrijwilligers, op een rijtje zetten, was het meteen duidelijk waarom de
vangsten terugliepen: we raakten de doortrekkende kemphanen kwijt. Het
Nederlandse onderzoek startte in 2003 en dat was maar net op tijd. Tot in de jaren
1990 rapporteerden Eddy Wymenga en consorten nog minstens 50.000 doortrekkers
voor Nederland, die zich concentreerden in het ‘lage midden’ van Fryslân. Vanaf die
tijd verplaatsten de doortrekkende kemphanen zich echter naar de Zuidwesthoek van
Fryslân, dicht bij het IJsselmeer. De oorzaak daarvan is ongewis: was er sprake van het
mijden van predatie omdat tezelfdertijd roofvogels als havik en sperwer zich sterk
herstelden in het Lage Midden? Of was had de verplaatsing te maken met een
verslechterde voedselproblematiek? Een aantal jaren schommelden de aantallen in de
Zuidwesthoek rond 20.000 kemphanen, maar de laatste jaren daalden de aantallen
gestaag en in 2009 waren er nog minder dan 5000 over. Binnen één decennium een
verlies van meer dan 80%. Waar waren ze gebleven? 
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Daar viel het op dat de kemphanenpiek opeens wel twee weken vroeger was en gelijk
viel met die in ons land en de aantallen namen ineens sterk toe. Bovendien werden er
in 2008 ineens drie Friese kemphanen in de Pripyat-delta gezien. Dat lijkt misschien
niet doorslaggevend, maar op een wereldbevolking van twee miljoen kemphanen is
de kans op drie Friezen echt heel klein. Hebben kemphanen hun trekroute verlegd? Is
Nederland niet aantrekkelijk meer? 
Het feit dat onze kemphanen nu ineens wél opdoken in Wit-Rusland zette aan tot
denken. Een vergelijking van de Nederlandse en Wit-Russische gegevens liet zien wat
er aan de hand was. In Fryslân vetten kemphanen elk jaar minder snel op en de rui
naar het prachtkleed verliep niet goed: ze vertrokken met een steeds minder mooi
verenkleed. De dieren die hier doortrekken leggen nu nog maar een halve gram vet
per dag aan, die in de Wit-Russische delta één gram. Dat is een kwestie van leven of
dood. De vogels die nog wel doorkwamen lieten Fryslân steeds sneller weer voor
gezien; tussen 2004 en 2008 nam de individuele verblijftijd af van 23 naar 19 dagen. Is
er wat aan de hand met de kwaliteit van de Friese pleistergebieden? Toen we het habi-
tatgebruik van de individueel gemerkte vogels onder de loep namen viel ons wel een
aantal zaken op. De meeste vogels werden gezien in vers met drijfmest geïnjecteerde
weilanden (mest is ‘jarre’ in het Frysk). Slimme jongens die de wormen opaten die na
het injecteren van drijfmest naar het oppervlak worden gedwongen. Of toch niet?
Van droge biljartlakens en natte graslanden
Gelukkig had Petra de Goeij de wijsheid en het enthousiasme om in 2003, toen er nog
betrekkelijk grote aantallen waren, goed te kijken wat er zo aantrekkelijk was aan de
weilanden in Zuidwest-Fryslân. Doortrekkende kemphanen foerageren het liefst in
permanente (niet-ingezaaide), vrij vochtig en kruidenrijke weilanden, waar zich een
goede bodemfauna kan ontwikkelen. Dit soort weilanden zijn in de minderheid; de
meeste weilanden in Zuidwest-Fryslân bestaan uit geregeld ingezaaide en gedrai-
neerde beemdgras-raaigrasweiden zonder kruiden als pinksterbloem, scherpe boter-
bloem en veldzuring. Deze niet-permanente graslanden worden ook gebruikt door
kemphanen, maar alleen net nadat er mest geïnjecteerd is. De mogelijkheid om voed-
selaanbod in deze graslanden te exploiteren hangt dus grotendeels samen met van de
periode dat er drijfmest geïnjecteerd wordt. De eerste ronde daarvan vindt plaats in
februari/maart. Na de eerste snee gras, eind april/begin mei, wordt er opnieuw drijf-
mest geïnjecteerd. Kemphanen profiteren van de initiële voedselpiek, direct na de
mestinjectie, maar daarna is er niet veel voedsel over op de bemeste percelen. Het
162 Samenvattingbodemleven herstelt langzaam, maar afhankelijk van de mate van neerslag, droogt de
bodem uit waardoor de bodem slechter doordringbaar wordt voor een kemphaan-
snavel, wat vooral een probleem is als kemphanen voornamelijk wormen eten.
De toenemende problemen voor kemphanen - vanaf 2001 tot 2008 nam de opvetsnel-
heid sterk af in Fryslan (maar niet in Pripyat) - duidt op een locale achteruitgang in
voedselaanbod. Omdat kemphanen in het voorjaar in agrarische graslanden eerst
bodemdieren en vervolgens uitkomende insecten eten, is het waarschijnlijk dat de
achteruitgang van de doortrekkers samenviel met veranderingen van graslandbeheer.
In die laatste jaren is echter de totale hoeveelheid geïnjecteerde mest niet veel veran-
derd (het is eerder gunstige geworden door de fosfaatnorm en mineralenboekhou-
ding) en ook zijn er geen grote waterpeilveranderingen doorgevoerd. Het zou kunnen
zijn dat de doordringbaarheid van de bodem een groter probleem is geworden, maar
we hebben geen aanwijzigingen dat de neerslag de afgelopen 10 jaar is afgenomen
maar misschien is de verdamping toegenomen. De afhankelijk van de bodemdoor-
dringbaarheid hangt af van het aandeel wormen in het dieet; als kemphanen voorna-
melijk emelten eten, is verdamping niet zo’n probleem. Wat wel veranderd kan zijn, is
dat de mestinjectie is vervroegd en dat de meeste kemphanen Fryslân nu aandoen
precies na de eerste ronde drijfmest injectie, in plaats van tijdens de injectie. En
bijkomstig negatief effect van mestinjectie kan zijn dat er een schaarste is van insekten
aan het oppervlak. Bovendien kan de aantrekkelijkheid van de permanente gras-
landen zijn afgenomen omdat boeren het vee veel minder buiten laten. Daardoor
groeit het gras erg hard, waardoor de kemphanen minder goed bij het bodemleven
kunnen. Kortom, we denken dat zowel de gedraineerde, monotone, vroeg bemeste,
vroeg gemaaide raaigraslanden, én de permanente nattere kruidenrijker graslanden
voor kemphanen minder beschikbaar zijn geworden.
Verschillen kemphanen van elkaar? Zijn er verschillende
kempaanpopulaties?
Nu kom ik terug op een vraag die vaak gesteld wordt door terreinbeheeders in
Nederland: kunnen we de kemphanen teruglokken met goed beheer? Dit roept
meteen de vraag op hoe ‘uniek’ de verloren gegane broedpopulatie was. Misschien
waren de West-Europese kemphanen een speciale genetische vorm en zijn de genen
met een voorkeur voor broeden in West Europa of een aanpassing aan West Europese
broedcondities uitgestorven. Dit bleek een vraag die heel eenvoudig en eenduidig
beantwoord kon worden met genetisch onderzoek. We verzamelden bloedmonsters
uit het hele verspreidingsgebied van west naar oost: van zuidelijk Zweden (Gotland),
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verzamelden we niet zelf, maar kregen we van bereidwillige Scandinavische en Rus-
sische collega’s die de afgelegen gebieden bezochten. Met genetische merkers keken
we in het genoom van de celkern en in het genoom van de mitochondriën van bloed-
monsters van 118 verschillende kemphanen. Beide delen van het vogelgenoom gaven
hetzelfde antwoord: kemphanen zijn genetisch uniform. Een Europese kemphaan is
genetisch niet te onderscheiden van een in Oost Siberië broedende kemphaan. 
Met het uitsterven van de kemphanen in West Europa is geen genetische lijn verloren
gegaan. De kemphanen die hier doortrekken hebben zeer waarschijnlijk geen genen
die hen vertellen dat ze hier niet kunnen broeden omdat hun voorouders dat ook niet
deden. De gezamenlijke voorouders waren juist één grote familie en waarschijnlijk is
er nog steeds veel uitwisseling van genen tussen broedgebieden. Met het verdwijnen
van de Nederlandse kemphaan is dus geen speciale soort kemphaan verdwenen. In
principe zouden we de Nederlandse doortrekkers moeten kunnen verleiden om te
blijven broeden.
Veranderende wereldbevolking
Nu blijft de vraag of de verplaatsing van de Nederlandse doortrekkers naar Wit-
Rusland een op zichzelf staand fenomeen is. Onderzoekers hebben voor veel vogel-
soorten laten zien dat als gevolg van klimaatsveranderingen trekgedrag veranderd is.
Misschien zou dat een betere verklaring zijn voor de achteruitgang in Nederland dan
lokaal habitatverlies. We vroegen ons af hoe het gaat met de kemphanen in de rest van
het verspreidingsgebied. Is de lokale achteruitgang onderdeel van een globale trend?
Hoe staan kemphanen ervoor in alle andere broedgebieden? Russische onderzoekers
hielpen het antwoord te zoeken. De Russen van het natuurmuseum en de universiteit
in Moskou hebben monitoring-data verzameld door de onderzoekers die zomers naar
de Russische broedgebieden afreizen, in een indrukwekkende database samenge-
bracht (een database die bovendien toegankelijk is voor iedereen). Samen met Eldar
Rakhimberdiev, een ecoloog en statisticus uit Moskou, doken we in die Arctische broed-
vogels-database. 
Wat bleek? Kemphanen gaan achteruit in het Scandinavië en het Europese deel van de
Russische arctische gebieden, maar in het Aziatische deel, oost van de Ob rivier (73°
oost), namen de aantallen juist toe! Door analyses van lokale weersgegevens konden
we uitsluiten dat klimaatsverandering in de broedgebieden een rol speelde. De achter-
uitgang in Scandinavië zou kunnen worden geweten aan habitatveranderingen, maar
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dra’s achteruit gingen denken we dat er ook iets anders is gebeurd. We denken dat
vogels die vroeger in Scandinavië en Europees Rusland broedden, nu in West Siberië
nestelen, omdat onze gemerkte vogels, die nu door Wit-Rusland trekken, ook hun
broedgebieden veranderden. Hoe kan dat? Heel eenvoudig: door de kortste route te
volgen, eindigen onze vogels sinds ze door Wit-Rusland trekken in de West-Siberische
broedgebieden. Pak maar een wereldbol en trek met je vinger een lijn van Afrika naar
Wit-Rusland, en trek dan de kortste lijn naar het noorden. Het zou behoorlijk
omvliegen zijn om na een tussenstop in Wit-Rusland door te gaan naar de oorspron-
kelijke broedgebieden in Scandinavië en Europees Rusland. Ringonderzoek toonde al
eerder aan dat Siberiërs door Oost Europa trekken. 
Kemphanen lijken dus mét de trekroute ook hun broedgebieden te hebben verlegd.
Een ongekend en nog nooit eerder waargenomen fenomeen. Bovendien voltrok deze
verandering zich in één generatie! Broedende kemphanen zijn dus niet wereldwijd
aan het verdwijnen, maar alleen uit Europa. De meest waarschijnlijk verklaring is
daarom dat de verslechtering van de foerageergebieden in Nederland leidde tot
veranderingen van de verspreiding van broedvogels in Noord Rusland en Siberië. 
Flexibel
Onze studies laten zien dat kemphanen flexibel zijn, heel snel op veranderingen
inspelen en een trekroute door Nederland kunnen verruilen voor een trekroute door
Wit-Rusland, en zelfs broedgebieden kunnen verleggen. Dit betekent niet dat
kemphanen opportunisten zijn, ze stellen juist hele hoge eisen aan hun habitat. In
tegenstelling tot bijvoorbeeld kanoeten of bonte strandlopers - vogels van de kustzone
waar een vast patroon van eb en vloed heerst - leven kemphanen in natte graslanden
waarvan de toestand veel minder voorspelbaar is. Kemphanen kunnen alternatieven
zoeken als ze door veranderingen van habitats worden gedwongen. Kemphanen zijn
dus specialisten in exploratie van gebieden die aan hun eisen voordoen. 
Dit is hoopgevend, want het betekent dat kemphanen kunnen terugkeren in
Nederland als de omstandigheden verbeteren. In Denemarken is dat gelukt, in een
klein gebied in Tipperne waar de ontwatering werd teruggedraaid. Er is dus de moge-
lijkheid dat in 2018, als Provincie Fryslân de Culturele Hoofdstad van Europa wil zijn,
de trekkende en misschien zelf de eerste broedende kemphanen terug zijn.
Wat kunnen we doen om kemphanen gastvrijer te ontvangen? We denken dat het
samenhangt met het aanbieden van voldoende groot areaal aan natte, kruidenrijke en
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sche biotopen die kenmerkend waren voor de situatie van een eeuw geleden, kun je
opvatten als het “terug gaan in de tijd”. Je kunt het ook zien als een manier om de
ecologische rijkdom van ons agrarische land, ons ecologisch potentieel, om te zetten in
een rijke agrarische toekomst. Producten van meer natuurlijk beheerde permanente
graslanden (kruidenrijk hooi voor koeien die ‘droogstaan’, bijvoorbeeld, of ruimte
voor grote grazers die hoogkwalitatief en smakelijk vlees of melk leveren), kunnen
sociaal-economisch en ecologisch rendabel zijn, en een meer gedifferentieerde
moderne landbouw mogelijk maken. Een provincie die baltsende kemphanen kan
bieden zou ook een magneet voor toeristen kunnen zijn.
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Box 1. Wilsterflappers
Dit proefschrift is gebouwd op gegevens van het doortrekgedrag van individueel gemerkte
kemphanen, en op meetgegevens en bloedmonsters die we van al deze individuen verza-
melden. We waren in staat zo’n rijke dataset en waardevolle bloedbank op te bouwen door
de gezamelijk inspanning van een aantal bijzondere mannen en een vrouw, de Fryske
Wilsterflappers. Wilsterflappers zijn vogelvangers die een tradionele klapnetmethode
gebruiken om vogels te ‘flappen’. Traditioneel vingen wilsterflappers gedurende de winter-
maanden en bestonden hun vangsten voornamelijk uit goudplevieren, die in het Frysk
‘Wilsters’ heten, en soms ook Kieviten. In de winter zijn goudplevieren vet en rond, een
delicatesse die goed verkocht op de markten van Londen en Parijs. Wilsterflappen vormde
een welkome bijverdienste in de wintermaanden als het werk op het land stil lag.
Generaties Friezen beoefenden dit vak en waren er heel goed in. Toen in de tweede helft
van de 20ste eeuw natuurlijke populaties van steltlopers achteruitging werd het wilster-
flappen verboden. Gelukkig was er één wilsterflapper, Joop Jukema, die inzag dat de
waarde van de traditie de marktwaarde van een goudplevier oversteeg. Hij realiseerde dat
als de vangers die vogels voortaan zouden ringen en loslaten ze konden bijdragen aan de
bescherming van goudplevieren omdat ringonderzoek de methode bij uitstek is om popu-
latieontwikkelingen te volgen. Veel wilsterflappers waren zo verknocht aan het vangen dat
ze graag de uren in het veld wilde doorbrengen om bij te dragen aan ringonderzoek. Joop
Jukema was de drijvende kracht achter een boek over de geschiedenis van het wilster-
flappen en de resultaten van het ringonderzoekb. 
Nu vingen de wilsterflappers natuurlijk niet alleen goudplevieren en kieviten in de
winter, maar ook doortrekkers als wulpen, regenwulpen, kemphanen,bonte strandlopers of
rosse grutto’s. Joop Jukema begon steeds langer door te vangen in het voorjaar en was in
staat om enkele honderden kemphanen per jaar te vangen, en stimuleerde andere wilster-
flappers verenigd binnen de Wilsterwerkgroep hetzelfde te doen. Zo kon er vanaf 1990 elk
jaar een mooie steekproef uit de populatie geringd worden. Deze gegevens leverden de
eerste aanwijzigingen op dat de doortrekkers in Fryslân niet allemaal hetzelfde trekschema
en waarschijnlijk een mix waren van westelijke en oostelijke broedersb. De wilsterflappers167
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Box 2. Toekomst van het kemphanenonderzoek
Het onderzoek aan kemphanen stopt gelukkig niet. Gesteund door de Rijksuniversiteit
Groningen en de Provincie Fryslân is Lucie Schmaltz inmiddels als nieuwe promovendus
van start gegaan. Het praktische onderzoek in Rusland werd het afgelopen voorjaar
dankzij een gift van ¤ 8000 van Vogelbescherming-Nederland aan het Global Flyway
Network zelfs uitgebreid zodat Eldar Rakhimberdiev en onze collega’s in Wit-Rusland in
staat waren hun veldwerk voort te zetten en uit te breiden. 
bleken bereid dit kapitaal te opnieuw mobiliseren toen de Rijksuniversiteit Groningen een
lange-termijn kleurringonderzoek opstartte. Meteen al het eerste jaar, in 2004, deden veel
wilsterflappers mee en verwelkomden ons acher hun ‘skûle’ (de vangplaats). De vangsten
waren zo succesvol dat we teams van studenten en vrijwilligers mobiliseerden die allemaal
meegenomen werden naar de skûle. R
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and shared many glasses of wine. You had time for me whenever I needed to escape
from writing and the self-imposed isolation in 2009. Popko, you taught me to think
more carefully and took me on many birding trips. Thanks for sharing so much with
me. Esther and Boen, thanks for your support (no need for ‘dutjes’ anymore!). 
Suus Bakker and Joyce Rietveld, thanks for the secretarial support. Suus, you
might not often have encouraged a PhD student to work less, but for me your caring
remarks during the feeble starting years were very important. I am very grateful to
Dick Visser. Your artwork and layout made this thesis look more beautiful than I ever
imagined. Thanks for putting up with me!
The ruff field work was as labour-intensive as any other demographic study on
marked individuals: there are never enough hours for resightings. Jan Wijmenga was
the first student to help out and became so devoted that he spent two years of his life
with the ruffs. Every Wednesday-night meeting Jan would tell us that we needed to
invest more in resightings. Only in 2009, the final data analyses showed that he was
right; we could not use the estimates of the first year due to low resighting rates. Jan,
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(who assumed that I was your assistant). Thanks for everything!
In 2006 we recruited more observers, or better: Job ten Horn joined the team. From
then on the resighting rates went sky rocket. In the following years we recruited teams
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wonderful, loving and fun roomate and friend. You and your house are good for the
soul. Maryann and Nicola, to me you are the ladies of the good life. Good food, good
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taking up a goofy Dutch scientist and showing me a total other side of life. I hope I
can spend many more nights hanging at front porches, dancing in the Dakota,
meeting at the Vic, the Communist Daughter, or wherever. Your friendship very much
affected my thinking and the way I wrote this thesis. Thanks!
Debbie and Julia, I very much enjoyed that we worked side by side all those years.
Debbie, thanks for sharing your super cool MHC project with me (we found exon 1!). I
hope we will tackle many shorebird migration problems in the future. You made me
go to Delaware Bay, a place I always dreamed to go. Thanks! 
Jutta Leyrer was of invaluable help in November 2009. When the December dead-
line of thesis submission was all too overwhelming she showed up and dragged me
through a week of hard core editing. Thanks so much, Jutta, that was wonderful!
Eddy Wymenga, thanks for editing and refining the Dutch summary. Rob
Robinson and Jan van de Kam, thanks for proof reading, while ‘loafing’ in the boat
near Back Island and/or in beach houses at either side of Delaware Bay. Kirsten
Grond, Debbie Buehler and Damian Zuch helped designing the cartoon in the Dutch
summary. Thanks! Wytske Heida, tige tank foar the Frisian summary!
I also owe much to my invisible friends, Los Amigos Invisibles; their music
dragged me out of thesis despair, many times, without a fault. So did Bach.
My family has always been supportive, even when my unusual life choices
bewildered them. Pa, Ma, Wilco, Anita, Wilma, Martin, Ivo, Janine, Mark, Rens en
Eline, bedankt voor jullie interesse, steun en onvoorwaardelijk liefde. En Pa,
dankjewel voor het trots-zijn op een dochter met een wiskundeknobbel, hoe nutteloos
dat soms ook leek. Ma, sorry dat ik nog steeds niet getrouwd ben. Ik beloof dat ik het
zal doen, ooit. 
These acknowledgments were written on Brockambridge beach in Delaware Bay
while waiting for a catch of red knots (that did not happen). Kevin Kalasz, Jean
Woods, and Nigel and Jacquie Clark, thank you for allowing me to edit print proofs
while other volunteers were out doing resightings. It is wonderful to finally experi-
ence the famous co-existence of shorebirds and horseshoe crabs; if I was not so
hooked on shorebirds, I would start studying horseshoe crab biology. Right now, the
horseshoe crabs are spawning. The beaches are flushed green with eggs, and the red
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sknots look round and full. Hopefully this is a sign that the bay ecosystem is recov-
ering from the overharvest in the last century, and hopefully it will result in a recovery
of the red knot population along this flyway. That would be a great success. It would
reward the joint scientific effort and wildlife protection efforts caring for this bay.
Evermore I realize that ruffs are no exception, everywhere in the world shorebirds are
declining, but I hope that this thesis will contribute to the awareness that human
activities can be altered and save populations. 
Delaware Bay, 27 May 2010
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